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Chapter I: General Introduction 
Overview and significance 
Terpenoids are a large and diverse class of naturally occurring compounds with a range 
of biological functions in plants such as hormones (i.e. gibberellic acid) and phytoalexins 
against microbial infection. Terpenoids are also used as pharmaceuticals such as anti-malarial 
(i.e. artimisinin) and anti-cancer drug (i.e. taxol). Because of the biological and 
pharmaceutical importance, it is desirable to obtain terpenoids in large quantity. However, it 
is futile to isolate terpenoids directly from plant tissues due to their low abundance. 
Moreover, chemical synthesis is difficult because of their complex structure. For these 
reasons, an attractive alternative strategy is to engineer enzymes and pathways to produce 
functional terpenoids in a heterologous microbial system. Transferring pathways into 
microbial host requires good understanding of terpenoids biosynthetic pathways, most of 
which are only partially defined. Rice (Oryza sativa), one of the most important staple crops, 
can produce phytoalexins (Figure 1), which largely consist of labdane-related diterpenoids, 
when attacked by fungi and bacteria. Rice diterpene olefin biosynthetic pathways and the 
initial oxidative steps conducted by cytrochrome P450s (CYP) have been elucidated by our 
previous studies. In this dissertation we propose to use rice as a model system to further 
investigate diterpenoid biosynthesis pathways, with an emphasis on identifying downstream 
decorating oxygenases and oxidoreductase. This will further elucidate the complex 
diterpenoid network of rice, and elaborate our ability to engineer terpenoid biosynthesis 
pathways in microbial systems.  
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With defined enzymes and biosynthetic pathways in rice LRD phytoalexin biosynthesis, 
we are also interested in understanding how substrate specificity and product diversity are 
achieved by phylogenetically directed mutagenesis study. The mutants obtained around 
CYP’s substrate recognition sites (SRS) provide us information concerning how amino acids 
in SRS can affect substrate specificity and product outcome. These findings will eventually 
help us to rationally engineer the SRS to efficiently desired compounds. 
Terpenoids 
Terpenoids are one of the largest families of natural products with more than 50,000 
have been discovered in nature with the majority found in plants. Consistent with their 
tremendous structural diversity, the functions of terpenoids are also varied. In plants, 
terpenoids function as primary structural and physiological molecules including membrane 
components (i.e. phytosterols), photosynthetic pigment (i.e. carotenoids), hormones (i.e. 
gibberellins), and electron carriers (i.e. ubiquinone)(1). In addition, many plants produce 
unique terpenoids repertoire that function as communicating and defense compounds, such as 
attractant for pollinators, herbivore repellents and antibiotics (1). Moreover, many terpenoids 
have pharmaceutical value for human such as anti-cancer drug taxol and anti-malaria drug 
artemisinin (1).  
Biosynthesis of all the terpenoids starts from five carbon isoprene unit: isopentenyl 
pyrophosphate (IPP) and its isomer dimethylallyl pyrophosphate (DMAPP). IPP can be 
biosynthesized via mevalonate-dependent isoprenoid (MEV) pathway or mevalonate-
independent methylerythritol phosphate (MEP) pathways (2, 3). In MEV pathway, three 
acetyl-coenzyme A (acetyl-coA) molecules condense successively to produce HMG-CoA, 
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which is then reduced to mevalonate, following by phosphorylation and decarboxylation 
reaction to produce IPP(3). MEV pathway operates in eukaryotes, archaebacteria, and 
cytosols of higher plants, whereas MEP pathway is used by many eubacteria, green algae, 
and chloroplast of higher plants, and is discovered more recently. MEP pathway starts from 
the condensation reaction between pyruvate and glyceraldehyde-3-phosphate to produce 1-
deoxy-D-xylulose 5-phosphate (DXP), which is then rearranged to produce 2-C-
methylerythrose-4-phosphate (MEP), followed by a series of complex reactions to produce 
IPP(3). IPP produced by both pathways can be converted to DMAPP by IPP isomerase(3). 
IPP and DMAPP are condensed to linear terpenoids precursor by prenyltransferase via 
‘head to tail’ fashion. Depending on the number of isoprene units used in condensation 
reaction, the linear molecules can be geranyl diphosphate (GPP, C10), farnesyl diphosphate 
(FPP, C15), geranylgeranyl diphosphate (GGPP, C20) (Figure 2). The longer carbon chain 
precursors are produced, however, by head to head condensation of two FPPs or GGPPs.  
Linear terpene substrates will further undergo cyclization by terpene cyclases to provide 
tens of thousands of remarkable and unique terpene backbones(4). Two chemical strategies 
for initial carbocation formation are adapted by terpene cyclase. The first one is ionization-
dependent mechanism in which metal such as Mg2+ triggers the departure of a pyrophosphate 
(PPi) leaving group(4). They are termed as class I terpene cyclase and have a signature 
‘DDXXD/E’ motif(4). The other one is class II terpene cyclase with a ‘DXDD’ motif, which 
triggers protonation of a carbon-carbon double bond or epxoide ring(4).  
The diversity of super-family of terpenoids arises largely from the subsequent decoration 
reactions. Indisputably, most of the decoration reactions are initialized from oxygenation 
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reaction catalyzed by CYP inserting oxygen into terpene olefins to produce functional groups 
such as hydroxyl, which can further undergo transformations by adding a range of functional 
groups to it. Depending on the functional groups added, they can form more complex hybrid 
terpenoids products such as steviol glycoside (5, 6). Notably, the resulting molecules 
sometimes can undergo rearrangement of carbon backbone, adding complexity for terpenoids 
super-family.  
Rice phytoalexins biosynthesis network 
Because of their sessile nature, plants produce a broad range of compounds against 
biotic stress. Those compounds, named phytoalexins, are small molecules which can act as 
antibiotics and are usually induced by microorganism attack, UV, and elicitor. Rice 
phytoalexins have been studied extensively. So far, five groups of antimicrobial compounds 
are identified in rice: sakuranetin, momilactones, phytocassanes, oryzalexins, and oryzalides 
(Figure 1) (7). Except for sakuranetin, which is flavanone phytoalexin, all the others fall into 
labdane-related diterpenoid subfamily, the founding member of which is gibberellin 
phytohormones. Momilactones, phytocassanes, and oryzalexins are isolated from fungi 
(M.grisea) infected rice leaves. These are clearly derived from syn-pimara-7, 15-diene, ent-
cassa-12, 15-diene, and ent-sandaracopimaradiene respectively by comparison with known 
diterpenes (Figure 1). Oryzalides and oryzadione are isolated from bacterial blight rice 
(caused by Xanthomonas campestris pv. oryzae) (8). They could be ent-isokaurene 
derivatives and show X. campestris pv. oryzae inhibition activity (8). 
Figure 3 shows the biochemically characterized biosynthesis network in rice. The 
biosynthesis of one of the LRDs kaurenoic acid, the precursor of gibberellin, has been well 
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elucidated. Starting from (E,E,E)-geranylgeranyl diphosphate (GGPP), the universal 
diterpenoid precursor, two sequential cyclization reactions are catalyzed by class II (copalyl 
diphosphate synthase, OsCPS1) and class I (kaurene synthase, OsKS) diterpene synthase to 
produce kaurene(9). Subsequently CYP701A6 catalyzes three sequential oxidation steps to 
convert kaurene to kaurenoic acid. Interestingly, in rice genome there are two OsCPS1 
homologous, named OsCPS2 and 4, both of which are transcriptional inducible upon methyl 
jasmonate and function as ent-CPP and syn-CPP synthase respectively(10). Similarly, 7 KS 
homologous, named KSL (kaurene synthase like) have been functionally characterized and 
most of which encode cyclases involving in biosynthesis of other LRDs(11). Furthermore, a 
range of CYPs are proven to act in the initial oxidation steps of biosynthesis of phytoalexin 
LRDs (9, 12-14). Despite a decent amount of enzymes involved in LRD biosynthesis have 
been elucidated previously, it is yet no complete biosynthetic pathways have been established 
for any LRD phytoalexins from rice.  
In eukaryotic organisms, genes are generally randomly distributed in the genome. 
However, recent report revealed some genes involved in the same biosynthetic pathway are 
physically clustered in genome. For example, all core genes involving benzoxazinoid 
biosynthesis in maize are clustering within 6 centimorgan on the short arm of chromosome 4 
(15). Triterpenoids biosynthesis clusters are found in Arabidopsis (16) and oats as well (17). 
Two diterpenoids biosynthetic clusters have been identified in rice (Figue. 4A). One of them 
is the momilactone biosynthesis cluster located on choromosome 4, which includes a syn-
copalyl diphosphate synthase (OsCPS4), a class I diterpene synthase (OsKSL4), two soluble 
short-chain alcohol dehydrogenases (SDRs) (OsMAS and OsMASL-1), and two P450s 
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(CYP99A2&3). We have demonstrated that OsCPS4 converts GGPP to syn-CPP, which is 
followed by another cyclization reaction conducted by OsKSL4 to produce syn-
pimaradiene(18)(Figure. 4B). CYP99A3 reacts with syn-pimaradiene to produce syn-
pimaradien-19-oic acid, which is presumably the precursor for the core 19,6-γ-lactone ring of 
the momilactones(13) . Although the function of CYP99A2, and how the lactone ring is 
formed are unclear, OsMAS has been demonstrated to convert 3β-hydoxy-9β-pimaradiene-
19,6-βolide to momilactone A (Figure 4B) (19).  
Another biosynthetic cluster is located on chromosome 2, containing one ent-copalyl 
diphosphate synthase (OsCPS2), three class I diterpene cyclases (OsKSL5, 6, and 7), and 6 
CYPs falling into two families (CYP76M5-8, and CYP71Z6-7) (Figure 4A). OsCPS2 
converts GGPP to ent-CPP, and KSL 5, 6, and 7 subsequently react with ent-CPP to produce 
ent-pimaradiene, ent-isokaurene, and ent-cassadiene respectively. In addition, CYP76M 
subfamily members within this cluster showed activity in hydroxylating a variety of 
diterpenes (Fig.3&4) (12, 14). CYP76M7 is the first one been characterized as an ent-cassa-
12, 15-diene Cα11 hydroxylase, presumably involved in early step of phytocassanes 
biosynthesis (14). CYP76M8 is a multifunctional/promiscuous hydroxylase, which can 
accept many diterpenes as substrates. Among the products, 7β-hydroxy-ent-
sandaracopimaradiene can be intermediate en route to oryzalexins, and 6β-hydroxy-syn-
pimara-7,15-diene can be precursor of momilactones (12). CYP76M6 acts as syn-stemod-
13(17)-ene Cβ6 hydroylase, and CYP76M5, 6, and 8 all act redundantly as ent-
sandaracopimaradiene Cβ7 hydroxylase (12). Besides the CYP within this two clusters, 
CYP701A8, a homologous of kaurene oxidase CYP701A6, has Cα3 hydroxylase activity 
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towards ent-kaurene, ent-sandaracopimaradiene, and ent-cassadiene, presumably involved in 
biosynthesis of oryzalexins and phytocassanes (9).  
Cytochromes P450 and metabolic engineering  
CYPs, heme-thiolate monooxygenase existing in mammalian, plants, bacteria, and yeast, 
exhibit characteristic reduced CO binding absorption band maximum near 450nm (20). They 
can catalyze diverse oxidation reactions such as hydroxylation, dehydration, and epoxidation. 
They participate in biosynthesis of endogenous compounds and detoxification of xenobiotics. 
In catalyzing their monooxygenation reactions, CYP need NADH or NADPH as electron 
donor. The general reaction can be expressed as:  
RH + O2 + NAD(P)H + H+ → ROH + H2O + NAD(P)+. 
To acquire electrons from NAD(P)H, most CYP need a separate electron transport 
partner. Generally, bacteria and mitochondrial CYP utilize a two-component shuttle system 
consisting of an iron-sulfur protein and ferrdoxin reductase, whereas microsomal CYP 
employs NADPH-cytochrome CYP reductase, a single flavoprotein containing both FAD 
and FMN(20).  
CYPs catalyze various of oxidative reactions including hydroxylation, epoxidation, 
dealkylation, N/S-oxidation, oxidative deamination/dehalogenation, dehydrogenation, 
dehydration, reductive dehalogenation, N-oxide reduction, epoxide reduction, NO reduction, 
isomerization, and oxidative C-C bond cleavage(20). Despite all types of reactions that they 
can catalyze, their physiological roles can be classified into two types: one is the 
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detoxification by metabolizing xnenobiotics; the second is to biosynthesize chemicals for 
controlling development, homeostasis, signaling, and defense(21).  
To date, CYPs constitute one of the biggest gene families in plant genome with the fact 
that more than 1% of total gene annotations are CYPs(22). Based on their amino acids 
identity and phylogenic origin, CYPs are designated into numbered families and lettered 
subfamilies that are clearly homologous ( 40 and >55% amino acid sequence identity, 
respectively). Consistent with the huge number, CYP participate in a wild range of chemical 
reactions to produce primary and secondary metabolites including cell membrane component, 
UV protectants, antioxidants, antimicrobials, hormone, and flavors(22). However, only a few 
of them have been functionally characterized generally based on recombinant expression in 
different systems such as bacteria, yeast, insect cell, and mammalian cells. Those methods 
require direct feeding substrate to cell or microsome fraction, thus reaction efficiency is 
limited by the amount and activity of specific CYP, which is difficult to achieve in vitro. To 
investigate labdane-related diterpenoid biosynthesis in rice, we have adopted a modular 
approach by reconstituting the partial or entire metabolic pathways (23).  
In this modular metabolic engineering system, we cotransformed geranylgeranyl 
diphosphate (GGPP) synthase and copalyl diphosphate (CPP) synthase, which sequentially 
convert endogenous IPP and DMAPP to CPP, rice diterpene synthases (OsKSLs) that further 
cyclize CPP to corresponding diterpenes, CYP candidates and its reductase partner in E. coli. 
Metablolite are extracted by hexanes and analyzed by GC-MS (diterpenes have 272Da MW, 
whereas diterpenoids have 288Da, 286Da, and 316Da MW corresponding to alcohol, 
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aldehyde, and acid products with methylation). Many CYP have been previously functionally 
characterized by the modular metabolic engineering system (14). 
Short-chain alcohol dehydrogenase/reductase 
SDRs are a subfamily of oxidoreductases enzyme family that oxidize substrate by 
transferring hydride to an acceptor, usually NAD+/NADP+, or FAD/FMN. It can be found in 
all forms of life(24). SDRs consist of a one-domain subunit of about 250 amino acids with N-
terminal cofactor site and C-terminal catalytic site. They play an important role in lipid, 
carbohydrate, amino acids, hormone, cofactor, and xenobiotic metabolism. Available SDR 
crystal structures all display a highly conserve α/β folding pattern with a rossmann-fold, 
consisting of a central β-sheet flanked by α-helices. The active site of SDR has four conserve 
catalytic tetrad of Asn-Ser-Tyr-Lys residues(25).  
Keto groups in phytoalexins can be converted by dehydrogenases from hydroxyl group. 
It has been reported that trans-isopiperitenol dehydrogenase, a member in SDR super family, 
participated in carvone (monoterpenoid) biosynthesis (26). 6 SDRs showed elicitor induced 
expression in rice (27). One of them is OsMAS located in momilactone cluster in 
chromosome 4. There is a close paralog (95% amino acid sequence identity) adjacent to 
OsMAS within the cluster. And another inducible SDR showed 74% amino acids identity 
with OsMAS. Given their similarity with SDR, we named them OsMASL1 and 2 (OsMAS 
like 1and 2). The other three inducible SDR located in a large cluster of 12 closely related 
genes on chromosome 7 (OsSDR1-12). We defined all of them as candidates for further 
investigate. 
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Organization of dissertation and author contribution 
 After the introduction, the dissertation first explores the biochemical activity of 5 
CPS from wheat (Chapter II). This is a side project along with the rice phytoalexin project. 
Because of wheat and rice’s close evolutionary relationship, we wanted to find whether 
wheat also produces LRD compounds besides gibberellic acid. The paper has been submitted 
to Phytochemistry for publication. I served as first author and functional characterized five 
CPS from wheat, and a CPS from barely. The five CPS cDNA were cloned and provided by 
Dr. Tomonobu Toyomasu group in Yamagata University, Japan. The barley CPS cDNA was 
cloned and provided by Dr. Peter M. Chandler at CSIRO plant Industry, Australia. 
 All the other chapters are about rice phytoalexin biosynthesis. Chapter III is a paper 
published on FEBS letter. CYP71Z6 and CYP71Z7 were biochemically characterized, 
providing biochemical evidence for their involvement of biosynthesis of oryzalide and 
phyocassanes respectively. Chapter IV identifies two CYPs, CYP76M6 and CYP76M8 that 
are involved in oryzalexin E and D biosynthesis. Chapter V explores three short-chain 
dehydrogenase/reductases’ function in oryzalexin A-C biosynthesis. Chapter IV and V 
together elucidate the biosynthesis of oryzalexin subfamily except for oryzalexin F. Chapter 
VI is incomplete work including the mutagenesis analysis of several CYPs and the 
characterization of a double-oxy product produce by CYP701A8 and CYP99A3. Dr. Qiang 
Wang initiated this rice phytoalexins project and he did some initial screen and cloning work. 
Dr. Matthew L. Hillwig performed all the NMR analysis except for oryzalexin B, which was 
completed by Dr. Jiachen Zi. In addition, I mentored three rotation graduate students, Xuan 
Lu, Kevin Potter, and Kiran-Kumar Shivaiah, who contributed to mutagenesis project 
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(Chapter VI). Finally, the last chapter discusses the implication of this dissertation and future 
directions. 
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Figures 
Figure 1. Known rice phytoalexins 
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Figure 2. Schematic illustration of biosynthesis of terpenoids, including MEV, MEP 
pathways and condensation reactions to produce GPP, FPP and GGPP.
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Figure 3. Rice labdane-related diterpenoids biosynthetic network 
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Figure 4. A) Schematic of rice diterpenoid biosynthetic gene cluster. Black boxes represent 
genes induced by chitin elicition of transcription. B) Momilactone A biosynthetic pathway  
A) 
 
B) 
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Chapter II: Functional characterization of wheat copalyl diphosphate 
synthases elucidates the early evolution of labdane-related diterpenoid 
metabolism in the cereals 
A paper submitted to Phytochemistry 
Yisheng Wu1, Ke Zhou1, Tomonobu Toyomasu2, Chizu Sugawara2, Madoka Oku2,  
Shiho Abe2, Masami Usui2, Wataru Mitsuhashi2, Makiko Chono2,  
Peter M. Chandler3, Reuben J. Peters1,4 
Abstract 
Two of the most agriculturally important cereal crop plants are wheat (Triticum aestivum) 
and rice (Oryza sativa). Rice has been shown to produce a number of diterpenoid natural 
products as phytoalexins and/or allelochemicals. Specifically, labdane-related diterpenoids, 
whose biosynthesis proceeds via formation of an eponymous labdadienyl/copalyl 
diphosphate (CPP) intermediate – e.g., the ent-CPP of gibberellin phytohormone biosynthesis. 
Similar to rice, wheat encodes a number of CPP synthases (CPS), although the TaCPS1-3 
characterized to date all have been suggested to produce ent-CPP. However, several of the 
downstream diterpene synthases will only react with CPP of normal or syn, but not ent, 
stereochemistry, as described in the accompanying report. Investigation of additional CPS 
did not resolve this, as the only other functional TaCPS4 also produced ent-CPP. Chiral 
product characterization of all the TaCPS then revealed that TaCPS2 uniquely produces 
normal, rather than ent-, CPP; thus, providing a suitable substrate source for the downstream 
diterpene synthases. Notably, TaCPS2 is most homologous to the similarly stereochemically 
                                                
1 Department of Biochemistry, Biophysics, and Molecular Biology, Iowa State University, Ames, IA 50011, 
U.S.A. 
2 Department of Bioresource Engineering, Yamagata University, Tsuruoka, Yamagata, 997-8555, Japan. 
3 CSIRO Plant Industry, GPO Box 1600 Canberra, ACT 2601, Australia. 
4 Corresponding author. 
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differentiated syn-CPP synthase from rice (OsCPS4), while the non-inducible TaCPS3 and 
TaCPS4 cluster with the rice OsCPS1 required for gibberellin phytohormone biosynthesis, as 
well as a barley (Hordeum vulgare) CPS (HvCPS1) that also is characterized here as 
similarly producing ent-CPP, providing some insight into the evolution of diterpenoid 
metabolism in at least the small grain cereal crop plant family.  
Introduction 
Wheat and rice provide the bulk of the direct caloric intake for the global human 
population. Accordingly, their ability to resist diseases is of considerable interest. Notably, a 
broadly conserved aspect of plant defense responses are phytoalexins, natural products whose 
biosynthesis is induced by pathogen infection, and which exhibit antibiotic activity against 
the responsible microbe (1). Rice has served a model system for the cereal crop plant family, 
with exhaustive sequence information available (2, 3), which has led to extensive studies of 
various aspects of its metabolism, including that of phytoalexins. Of particular importance in 
rice seems to be an array of labdane-related diterpenoids, with over twenty such natural 
products from rice meeting the definition of phytoalexins, with some also suggested to serve 
as allelochemicals (4).  
The labdane-related diterpenoids represent a large super-family of natural products, with 
~7,000 known, that share a characteristic decalin ring structure in common (5). This core 
structure is formed by bicyclization of the general diterpenoid precursor (E,E,E)-
geranylgeranyl diphosphate (GGPP), in protonation-initiated reactions catalyzed by class II 
diterpene cyclases (Fig. 1). These generally produce one of the three common stereoisomers 
of CPP, syn-, ent-, or normal, with the corresponding enzymes then termed CPP synthases 
 19 
(CPS). This intermediate is then generally further cyclized and/or rearranged to diterpene 
olefins by a CPP specific class I diterpene synthase, which are often termed ent-kaurene 
synthase-like (KSL) for the presumably ancestral enzyme; at least in plants, where ent-
kaurene synthases (KS) are required for gibberellin phytohormone biosynthesis.  
Of particular interest here, the committed step in labdane-related diterpenoid 
biosynthesis is then catalyzed by CPS, which appear to be regulated by synergistic inhibitory 
effects exerted by GGPP and magnesium (Mg2+). Specifically, those class II diterpene 
cyclases involved in gibberellin biosynthesis, with those dedicated to secondary/more 
specialized metabolism being relatively immune to such inhibition (6). Notably, this 
differential susceptibility has been attributed to the exact identity of a particular residue, 
histidine versus arginine, as found in gibberellin associated CPS relative to more specialized 
such enzymes, respectively (7). However, while this single residue regulatory switch was 
originally hypothesized to play a direct role in catalysis, this has not been born out by the 
recently determined crystal structure of the gibberellin associated CPS from the dicot 
Arabidopsis thaliana [i.e., AtCPS (8)], leaving the underlying mechanism opaque.  
Consistent with the observed complexity of labdane-related diterpenoid metabolism in 
rice, its genome contains three functional CPS (OsCPS), all of which have been characterized 
(4, 9). OsCPS1 is required for GA biosynthesis (10), produces the relevant ent-CPP, and does 
not exhibit inducible transcription (11, 12). On the other hand, the transcription of OsCPS2 
and OsCPS4 (OsCPS3 being a pseudogene) is induced by elicitation with chitin or methyl 
jasmonate, or UV-irradiation, with OsCPS2 producing ent-CPP and OsCPS4 producing syn-
CPP, and these presumably are involved in more specialized metabolism (11-13).  
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Molecular phylogenetic analysis based on characterization of maize (Zea mays) as well 
as rice CPS (14), suggested that CPS gene expansion and functional diversification to more 
specialized metabolism occurred early in the cereal crop plant family – i.e., the Poaceae (4). 
Consistent with this hypothesis, gene probing/mapping experiments with a CPS from barley 
(Hordeum vulgare) indicated that at least barley and wheat also contain an expanded CPS 
gene family (15). In a preliminary report, it was demonstrated that wheat contains at least 
three CPS (TaCPS1-3), with TaCPS1 and TaCPS2 exhibiting inducible transcription 
consistent with a role in more specialized metabolism, but all three were suggested to 
produce ent-CPP, although the possibility that they might produce the enantiomeric normal 
CPP was acknowledged as well (16). As described in the accompanying report on the wheat 
KSL (TaKSL), some of these downstream enzymes only react with syn- or normal (i.e., not 
ent-), CPP (17). These results prompted us to look for syn-CPP producing CPS in wheat. 
Here we report that the only other functional CPS we were able to clone from wheat 
(TaCPS4), also produced ent- or normal CPP, as does a previously cloned barley CPS [i.e., 
HvCPS1 (15)]. We then more specifically analyzed the stereochemistry of the resulting CPP 
for all the TaCPS, as well as HvCPS1, and found that TaCPS2 uniquely produces normal, 
rather than ent-, CPP. The implications of these findings for the evolution of diterpenoid 
metabolism in the cereal crop family, as well as more generally, are discussed.  
Results 
Identification of copalyl diphosphate synthase genes from wheat and barley 
Isolation of HvCPS1 has been previously reported (15), as has that of TaCPS1-3 (16). 
Given the exclusive use of syn- or normal CPP by some of the downstream TaKSL, as 
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reported in the accompanying study (17), along with the previously reported suggestion that 
TaCPS1-3 all produced ent-CPP (16), we sought additional wheat CPS(s). Reexamination of 
the available wheat EST data suggested that there were two additional CPS, albeit full-length 
cDNA sequences were not present and these were closely related to TaCPS2 and 3, raising 
the possibility that they were polyploidy derived homoeologs. Nevertheless, we cloned the 
predicted gene fragments and extended these via RACE to cover sufficient amounts of the 
corresponding open reading frames for biochemical analysis, and have designated them 
TaCPS4 and 5. These do not appear to be homoeologs of TaCPS2 and 3, as both share less 
than 90% nucleotide sequence identity with any other TaCPS. Since mRNA levels of 
TaCPS1 and 2 are increased in response to UV-irradiation (16), such elicitation of TaCPS4 
and 5 was investigated, but found not to occur (data not shown).  
Functional characterization of TaCPS4-5 and HvCPS1 
HvCPS1 and TaCPS4 & 5 were functionally characterized via use of a previously 
developed metabolic engineering system (18). Specifically, using a vector carrying a GGPP 
synthase into which CPS can be easily incorporated for functional analysis, as previously 
described (19). Extraction of the resulting recombinant cultures yields copalol released by 
dephosphorylation of the heterologously produced CPP by endogenous phosphatases. 
Analysis by gas chromatography with mass spectrometric detection (GC-MS) demonstrated 
the production of copalol by cultures expressing HvCPS1 and TaCPS4, indicating that these, 
but not TaCPS5, are functional CPP synthases. Comparison to authentic standards further 
indicated that HvCPS1 and TaCPS4 produced CPP of ent- or normal stereochemistry (Fig. 2).  
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Stereochemical analysis of TaCPS1-4 and HvCPS product outcome 
Given the stereospecificity of several TaKSL for syn- or normal, but not ent-, CPP (17), 
and the notable lack of production of syn-CPP by any of the functional TaCPS, we further 
investigated the stereochemical outcome mediated by all the TaCPS, as well as HvCPS1. 
This was accomplished by coupling these to stereospecific KSL, using the metabolic 
engineering system, much as previously described (19). In particular, each of these CPS was 
co-expressed with not only a GGPP synthase, but also either the ent-CPP specific kaurene 
synthase from Arabidopsis thaliana (AtKS), or normal CPP specific abietadiene synthase 
from Abies grandis [i.e., the AgAS:D404A mutant that retains only KSL/class I activity (20)]. 
GC-MS analysis of extracts from the resulting recombinant cultures demonstrated that 
TaCPS1, 3, 4 and HvCPS1 produce ent-CPP, whereas TaCPS2 produces normal CPP (Fig. 3).  
Molecular phylogenetic analysis of cereal CPS 
Both rice and wheat contain two CPS whose inducible expression suggests a role in 
more specialized metabolism [i.e., OsCPS2 & 4 and TaCPS1 & 2 (11-13, 16)]. As previously 
described (16), upon molecular phylogenetic analysis these cluster separately from those 
involved in gibberellin metabolism [e.g., OsCPS1 (10)], suggesting that the relevant gene 
family expansion and functional divergence occurred prior to the speciation event separating 
the wheat and rice lineages. To more closely investigate the cereal CPS family, such analysis 
was repeated to include the now characterized TaCPS4 and HvCPS1. Specifically, we 
aligned the full-length amino acid sequences of not only the OsCPS, and the TaCPS and 
HvCPS1 characterized here, but also CPS from the more distantly related cereal Zea mays 
[i.e., ZmCPS1-4 from the maize genome (21)]. AtCPS also was included to provide a 
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designated outgroup sequence for the resulting phylogenetic tree, which was constructed 
using the nearest neighbor joining method (Fig. 4A).  
 Given the production of normal CPP by TaCPS2 shown here, it is notable that this 
clusters most closely with the similarly biochemically distinguishable syn-CPP producing 
OsCPS4. This suggests that such stereochemical differentiation in product outcome might 
underlie the observed diversion and retention of two CPS to more specialized metabolism in 
at least wheat and rice – i.e., while both exhibit similarly inducible transcription, one 
produces ent-CPP (OsCPS2 and TaCPS1) while the other some other stereoisomer (OsCPS4 
and TaCPS2). Further, the observed clustering suggests that this occurred prior to the split 
between the wheat and rice lineages.  
 The clustering of TaCPS3 & 4, as well as HvCPS1, with other ent-CPP producing 
CPS known to be involved in gibberellin biosynthesis [i.e., An1/ZmCPS1 and OsCPS1 (10, 
22)], suggests that these may similarly play a role in such phytohormone metabolism. 
However, given the greater evolutionary distance between maize and rice relative to that 
within the small grain cereal family (i.e., rice, wheat and barley), it is somewhat puzzling that 
An1/ZmCPS1 and OsCPS1 cluster separately from these other small grain CPS. This may, in 
fact, argue against a role for HvCPS1 and TaCPS3 & 4 in gibberellin metabolism. Indeed, it 
is interesting to note that the single residue regulatory switch position in HvCPS1 encodes 
the arginine associated with CPS devoted to more specialized metabolism rather than the 
histidine otherwise found in those operating in gibberellin biosynthesis, although both 
TaCPS3 & 4 do contain a histidine at this position (Fig. 4B).  
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Discussion 
It has been recently demonstrated that maize produces labdane-related diterpenoids as 
phytoalexins (23), much as has been found with rice. This suggests that such more 
specialized metabolism may have arisen early in evolution of the Poaceae. Consistent with 
this hypothesis, not only maize and rice, but also barley and wheat, contain expanded CPS 
and KS(L) gene families encoding the sequentially acting diterpene synthases that are the 
distinguishing feature of labdane-related diterpenoid biosynthesis. Although no such 
phytoalexins have yet been identified from wheat, the UV-inducible transcription of TaCPS1 
and TaCPS2 suggests that these potentially play a role in phytoalexin biosynthesis. In 
addition, the demonstration that TaCPS2 produces normal CPP provides direct evidence that 
wheat can produce labdane-related diterpenoids other than gibberellins. The presence of such 
biosynthetic capacity is further supported and clarified by the characterization of TaKSLs 
that similarly do not produce the ent-kaurene intermediate of gibberellin biosynthesis 
described in the accompanying report (17).  
Phylogenetic analysis of the cereal CPS family indicates early expansion and functional 
diversification (Fig. 4A). These CPS fall into two distinct clusters, one of which is associated 
with gibberellin biosynthesis in both maize and rice [i.e., An1/ZmCPS1 and OsCPS1 (10, 
22)]. The CPS from the other cluster are then presumably involved in more specialized 
metabolism, based in part on the production of stereochemically differentiated CPP and, at 
least in the case of the rice and wheat paralogs (i.e., OsCPS2 & 4 and TaCPS1 & 2), UV-
inducible transcription (11-13, 16). However, while An2/ZmCPS2 falls into the gibberellin 
associated cluster, it exhibits inducible transcription and presumably functions in maize 
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phytoalexin biosynthesis, while transcription of ZmCPS3 (previously termed Cpsl1), which 
falls into the other phylogenetic cluster, is not elicited by fungal infection (14). This suggests 
that the use of labdane-realted diterpenoids as phytoalexins may have independently evolved 
in maize relative to the small grain cereals. Regardless of exact functions, the retention of 
multiple CPS throughout the Poaceae indicates persistent use of labdane-related diterpenoid 
natural products in physiologically relevant roles beyond the gibberellin phytohormones.  
 
Conclusion 
The results presented here demonstrate that wheat contains an expanded and 
functionally diverse family of CPS. While the relevant biological activities of the derived 
labdane-related diterpenoids remain largely unclear, the retention of an expanded CPS gene 
family throughout the Poaceae suggests persistent use of these natural products in cereal 
crop plants; most likely in defense, as demonstrated for both rice and maize. More 
immediately, the biochemical activity exhibited by the CPS characterized here increases our 
understanding of the diterpenoid metabolic repertoire of wheat and provides some insight 
into its evolution. Specifically, all cereal crop plants seem to contain at least two CPS 
associated with more specialized metabolism beyond gibberellin biosynthesis, and our results 
indicate that such dual retention may be due to stereochemical variation in product outcome. 
In particular, these two CPS in rice and wheat produce distinct isomers of CPP (i.e., OsCPS2 
and TaCPS1 produce ent-CPP, while OsCPS4 and TaCPS2 produce syn- or normal CPP, 
respectively). The conservation exhibited between the biochemically novel OsCPS4 and 
TaCPS2 suggests that such differentiation arose prior to at least the split between rice and 
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wheat in the small grain cereal lineage. Such stereochemical variation is further reflected in 
the specificities of the downstream KSL, examples of which from both rice and wheat 
selectively react with CPP isomers other than the ent configuration relevant to gibberellin 
biosynthesis. Thus, our results suggest that expanded roles for labdane-related diterpenoid 
natural products beyond the ancestral gibberellin phytohormones arose early in the Poaceae, 
including the production of stereochemically distinct isomers of the characteristic CPP 
intermediate.  
 
Experimental 
General 
Unless otherwise noted, all chemical reagents were purchased from Fisher Scientific 
(Loughborough, Leicestershire, UK), and molecular biology reagents from Invitrogen 
(Carlsbad, CA, USA). All recombinant expression was carried out with the OverExpress C41 
strain of E. coli (Lucigen, Middleton, WI, USA). GC-MS analyses were performed as 
described in the accompanying report (17). Bioinformatic sequence analyses were carried out 
either with the CLC Sequence Viewer (Fig. 4A) or VectorNTI (Fig. 4B) software packages. 
Analysis of TaCPS4 and 5 mRNA levels following UV-irradiation also was determined as 
described in the accompany report (17), albeit using the primers described in Table 1.  
Cloning 
A CPS gene fragment was cloned from T. aestivum cv. Nourin-61-gou via use of 
previously described degenerate primers based on the ‘SAYDTAW’ and ‘DDTAMA’ amino 
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acid sequence motifs conserved in class II diterpene cyclase(24). This fragment was extended 
via rapid amplification of cDNA ends (RACE), and designated TaCPS4. Another CPS gene 
was cloned during isolation of the previously described TaCPS2 [i.e., via end-to-end RT-
PCR with putatively gene specific primers(16)], and designated here TaCPS5.  
Each CPS was truncated (HvCPS1 after residue 83 and TaCPS1-5 after residue 61, 59, 
89, 40, and 28, respectively) and transferred to the Gateway vector system via PCR 
amplification and directional topoisomerization insertion into pENTR/SD/D-TOPO, with the 
ensuing constructs verified by complete gene sequencing. These clones were subsequently 
transferred via directional recombination into the DEST cassette of a previously described 
pGG-DEST vector (19).  
Recombinant expression and stereochemical analysis  
The activity of TaCPS1-5 and HvCPS1 were investigated via recombinant expression in 
E. coli. Stereochemistry of the resulting CPP was determined by coupling co-expression of 
each CPS with class I labdane-related diterpene synthase that only react with either ent- or 
normal CPP. Specifically, AtKS and AgAS:D404A were co-expressed with each CPS using 
previously described pDEST14 based expression vectors (18). The resulting recombinant 
bacteria were then analyzed as described in the accompanying report (17).  
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Figures and Tables 
Table 1: Primers used in RT-PCR analysis of mRNA levels 
Gene  Forward primer Reverse primer 
TaCPS4  GGAGGCTGGACGTTGTC GAATGCAGGATCGTCGTC 
TaCPS5 GACCAACGATGCATCTGTC GGAGGCTTGTCTTTCATGG 
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Figure 1: Cyclization of geranylgeranyl diphosphate (GGPP) to copalyl diphosphate (CPP), 
which can vary in stereochemistry, with common designations (ent-, syn-, and normal) as 
shown. 
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Figure 2: Characterization of TaCPS4 and HvCPS1 activity. GC-MS analysis (275 m/z 
extracted ion chromatographs) of the dephosphorylated enzymatic products of (a) HvCPS1 
and (b) TaCPS4, compared to authentic standards for dephosphorylated (c) ent-, (d) normal, 
or (e) syn- CPP. 
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Figure 3: Characterization of product stereochemistry for TaCPS1-4 and HvCPS1. GC-MS 
analysis (275 m/z extracted ion chromatographs) of the ent-kaurene produced by the coupled 
action of the ent-CPP specific AtKS with (a) HvCPS1, (b) TaCPS1, (c) TaCPS3, (d) TaCPS4, 
with comparison to an authentic sample (e), and the production of abietadienes by the normal 
CPP specific AgAS:D404A coupled with (f) TaCPS2 or fed (g) normal CPP. 
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Figure 4: Phylogenetic analysis of cereal CPS family. (a) Phylogenetic tree constructed from 
amino acid sequence alignment. (b) Amino acid alignment of TaCPS1-4 and HvCPS1, with 
the catalytic ‘DXDD’ motif underlined and the ‘*’ underneath the regulatory switch position 
described in the text. 
a) 
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b) 
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Chapter III: Parsing a multifunctional biosynthetic gene cluster from rice: 
Biochemical characterization of CYP71Z6 & 7 
A paper published in and reprinted from FEBS Lett. 2011 Nov 4;585(21):3446-51 
Yisheng Wu1, Matthew L. Hillwig1, Qiang Wang1, and Reuben J. Peters1,2 
Abstract 
 Rice (Oryza sativa) contains a biosynthetic gene cluster associated with production of 
at least two groups of diterpenoid phytoalexins, the antifungal phytocassanes and 
antibacterial oryzalides. While cytochromes P450 (CYP) from this cluster are known to be 
involved in phytocassane production, such mono-oxygenase activity relevant to oryzalide 
biosynthesis was unknown. Here we report biochemical characterization demonstrating that 
CYP71Z6 from this cluster acts as an ent-isokaurene C2-hydroxylase that is presumably 
involved in the biosynthesis of oryzalides. Our results further suggest that the closely related 
and co-clustered CYP71Z7 likely acts as a C2-hydroxylase involved in a latter step of 
phytocassane biosynthesis. Thus, CYP71Z6 & 7 appear to have evolved distinct roles in rice 
diterpenoid metabolism, offering insight into plant biosynthetic gene cluster evolution. 
Introduction 
 When attacked by microbial pathogens, plants produce antibiotic natural products in 
response – i.e., phytoalexins, which in rice largely consist of labdane-related diterpenoids (1, 
2). Biosynthesis of these compounds is distinguished by the use of a pair of sequential 
cyclization reactions (3). Most characteristic is the initial bicyclization of the general 
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diterpenoid precursor (E,E,E)-geranylgeranyl diphosphate (GGPP) by a class II diterpene 
cyclase. This most often results in production of the eponymous labadienyl/copalyl 
diphosphate (CPP), as catalyzed by CPP synthases (CPS). This is followed by further 
transformations catalyzed by a more typical class I diterpene synthase, often termed kaurene 
synthase like (KSL) for their resemblance to the presumably ancestral ent-kaurene synthases 
required for gibberellin phytohormone biosynthesis. In addition, the production of bioactive 
natural products almost invariably requires further elaboration; typically the incorporation of 
oxygen catalyzed by cytochromes P450 (CYP), with the introduced hydroxyl group(s) often 
further oxidized by short chain dehydrogenases (SDR).  
 The presence of biosynthetic gene clusters is an emerging theme in plants (4), and 
rice is know to contain two such clusters involved in labdane-related diterpenoid production 
(5-7). That located on chromosome 4 appears to be dedicated to momilactone biosynthesis, 
containing the relevant, sequentially acting syn-CPP synthase OsCPS4 and syn-pimaradiene 
synthase OsKSL4 (5). In addition, this region contains two CYP (CYP99A2 & 3), one or 
both of which are required for momilactone biosynthesis, and an SDR that catalyzes the final 
step in production of momilactone A (6). We also have recently demonstrated that CYP99A3 
catalyzes conversion of syn-pimaradiene to syn-pimaradien-19-oic acid, presumably en route 
to the 19,6-olide moiety – i.e., the eponymous lactone ring (8).  
 The other biosynthetic gene cluster, located on chromosome 2, is quite different. In 
particular, unlike other such clusters, this region contains enzymatic genes associated with 
multiple biosynthetic pathways (Figure 1). This includes that leading to the oryzalides whose 
production is increased in response to infection with the bacterial leaf blight pathogen 
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Xanthomonas oryzae pv. oryzae (9), as well as the phytocassanes produced in response to the 
fungal blast pathogen Magnaporthe oryzae (1, 2). Specifically, this cluster contains OsCPS2, 
which produces the common ent-CPP precursor (10, 11), as well as the subsequently acting 
OsKSL5-7, which produce ent-pimaradiene, ent-isokaurene, and ent-cassadiene, respectively 
(12-14). OsKSL6 & 7 then catalyze the committed step in oryzalide and phytocassane 
biosynthesis, respectively. In addition, this region further contains six CYP – CYP76M5-8 
and CYP71Z6 & 7.  
 We have previously shown that CYP76M7 acts as an ent-cassadiene C11α-
hydroxylase (7), and further analysis of the rice CYP76M sub-family has not only verified a 
role for CYP76M7 & 8 in phytocassane biosynthesis, but suggested one for CYP76M5-8 in 
other diterpenoid pathways as well (15). However, this does not include a role for any rice 
CYP76M sub-family member in oryzalide biosynthesis. This is consistent with previously 
reported investigation of transcriptional induction by the fungal cell wall component chitin 
oligosaccharide, which increases mRNA levels of OsKSL7 and CYP76M5-8, as well as 
CYP71Z7, although not that of CYP71Z6 or OsKSL6 (16). Here we report biochemical 
characterization of CYP71Z6 & 7, revealing that CYP71Z6 is an efficient ent-isokaurene C2-
hydroxylase presumably involved in an early step in oryzalide biosynthesis. On the other 
hand, while CYP71Z7 will act as a C2-hydroxylase of ent-cassadiene, it does so quite 
inefficiently, and we hypothesize that it actually functions to catalyze a later step in 
phytocassane biosynthesis.  
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Materials and Methods 
General 
 Unless otherwise noted, chemicals were purchased from Fisher Scientific 
(Loughborough, Leicestershire, UK), and molecular biology reagents from Invitrogen 
(Carlsbad, CA, USA). The gene mapping and nomenclature used here has been previously 
described (7, 15). Gas chromatography (GC) with a Varian (Palo Alto, CA) 3900 GC with 
Saturn 2100 ion trap mass spectrometer (MS) in electron ionization (70 eV) mode, was 
carried out as previously described (7, 8, 15).  
Recombinant constructs 
 CYP71Z6 & 7 were obtained from the KOME rice cDNA databank (GenBank 
accessions AK107418 and AK070167, respectively), and completely recoded versions to 
optimize codon usage for E. coli expression synthesized (GenScript; see Supporting Data for 
sequence). These were cloned into pENTR/SD/D-TOPO, and derived N-terminally modified 
constructs made for each, with removal of the first 32 codons and replacement with ten new 
codons (encoding the amino acid sequence “MAKKTSSKGK”), based on the modifications 
used for bacterial expression of the mammalian CYP2B sub-family (17), as previously 
described (7, 8, 15, 18). All full-length and N-terminally modified genes were then 
transferred into a previously described pCDF-Duet vector containing a DEST cassette and 
rice cytochrome P450 reductase (OsCPR1) in the first and second multiple cloning sites, 
respectively (7).  
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Recombinant expression and screening 
 All native and recoded CYP71Z6 & 7 and N-terminally modified variants were 
recombinantly expressed in the OverExpress C41 strain of E. coli (Lucigen, Middleton, WI). 
Taking advantage of our previously described modular diterpene metabolic engineering 
system (19), these were co-expressed not only with OsCPR1, but also a GGPP synthase and 
CPS carried on co-compatible pGGxC vectors, along with rice KSL expressed from the 
additionally co-compatible pDEST14 or pDEST15 (i.e., for expression as either alone or as a 
fusion to GST, respectively). This enabled facile assessment of their ability to react with the 
resulting diterpene olefins, using 50 mL expression cultures, as previously described (7, 8, 
15).  
Diterpenoid production 
 To obtain enough oxygenated product for NMR analysis, the functional combinations 
of gene expression vectors were co-transformed with the additionally compatible pMBI, 
which contains the “bottom half” of the mevalonate dependent isoprenoid precursor supply 
pathway from Sacchromyces cerevisiae (20). This enabled increased flux into isoprenoid 
metabolism by feeding these cultures mevalonate, much as previously described (21). The 
resulting cultures were grown and extracted as previously described (7, 8, 15). The organic 
phase was separated, combined, and then dried by rotary evaporation. The resulting residue 
was resuspended in hexanes and fractionated over a 4 g-silica column by flash 
chromatography, using a Reveleris system (Grace, Deerfield, IL), with a hexane:acetone 
gradient. The hydroxylated diterpenoids eluted in 10% acetone, and these fractions were 
combined and dried under N2. This material was resuspended in acetonitrile, and the 
 41 
hydroxylated diterpenoids purified by high performance liquid chromatography with an 
Agilent 1100 series instrument equipped with autosampler, fraction collector, diode array UV 
detection, and a ZORBAX Eclipse XDB-C8 column (4.6 x 150 mm, 5 µm), also as 
previously described (7, 8, 15).  
NMR analysis 
 The purified diterpenoids were dried under N2, then brought up in 0.5 mL deuterated 
chloroform (CDCl3) and placed into NMR tubes (Wilmad LabGlass; Vineland, NJ) or 
microtubes (Shigemi; Allison Park, PA) for analysis. NMR spectra for the diterpenoids were 
recorded at 25 °C on either a Bruker Avance 500 or 700 (CYP71Z7 product) spectrometer 
equipped with a 5-mm HCN cryogenic probe for 1H and 13C. Chemical shifts were 
referenced using known chloroform (13C 77.23, 1H 7.24 ppm) signals offset from TMS 
(Tables S1&2). Structural analysis was performed using 1D 1H, 2D DQF-COSY, HSQC, 
HMQC, HMBC, and NOESY experiment spectra acquired at 500 or 700.13 MHz, and 1D 
13C and DEPT135 spectra (125.5 MHz or 174 MHz) using standard experiments from the 
Bruker TopSpin v1.3 or 1.4 software, respectively. Correlations from the HMBC spectra 
were used to propose a partial structure, while resonance signals between protonated carbons 
were obtained from DQF-COSY data to complete the partial structure and assign proton 
chemical shifts. The structure was further verified using HSQC, and DEPT135 spectra to 
confirm assignments.  
Kinetic analysis 
 Kinetic analysis was carried out with the functional synthetic and N-terminally 
modified CYP71Z6 & 7 constructs, co-expressed with OsCPR1, much as previously 
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described (7, 8, 15, 18). The amount of active CYP in the resulting clarified lysates was 
measured by reduced CO difference spectrum, using the standard extinction coefficient of 
(ΔA450-ΔA490)/0.091 (nmol of CYP per ml) (22). Enzymatic assays were carried out with 150 
nM CYP, much as previously described (7, 8, 15, 18), but using a substrate range of 1-50 µM 
ent-isokaurene and 1-200 µM for ent-cassadiene. The reactions also were supplemented with 
an NADPH regeneration system consisting of 1 mM glucose-6-phosphate and 2 µg/mL yeast 
glucose-t-phosphate dehydrogenase (Roche), along with 0.4 mM NADPH, 5 µM FAD, 5 µM 
FMN, and 1 mM DTT.  
 
Results 
Tandem gene duplication origin for CYP71Z6 & 7 
 Our success in functional characterization of the role of CYP76M5-8 in rice 
diterpenoid phytoalexin production promoted us to investigate the remaining two CYP within 
the rice chromosome 2 biosynthetic gene cluster, CYP71Z6 & 7. These are most closely 
related to each other, sharing 94% identity at the nucleotide sequence level. In addition, 
CYP71Z6 & 7 are located adjacent to each other, indicating that they were derived from a 
tandem gene duplication event. Nevertheless, their differential transcriptional response to 
elicitation with chitin oligosaccharide suggests that CYP71Z6 & 7 might have distinct roles, 
and we were particularly interested in the potential role of these in production of the 
orzyalides, for which no relevant CYP activity had yet been identified.  
Functional recombinant expression 
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 Previous attempts at recombinant expression of CYP71Z7 in both yeast 
(Saccharomyces cerevisiae) and insect cells (Spodoptera frugiperda) were unsuccessful (7). 
On the other hand, we have had success with recombinant expression of plant CYP in E. coli 
(7, 8, 15, 18). Accordingly, our initial attempts at characterization of CYP71Z6 & 7 were 
directly carried out in E. coli, using our previously developed metabolic engineering system 
(19). This enabled co-expression of these CYP with all functional pairings of upstream 
diterpene cyclases/synthases from rice to provide potential substrates (Figure S1), as well as 
the requisite CYP reductase (specifically OsCPSR1 from rice). However, even with N-
terminal modification for bacterial expression, such recombinant expression of the native 
CYP71Z6 & 7 genes did not lead to any detectable activity (i.e., hydroxylation of diterpene 
olefins).  
 We have previously demonstrated that complete gene recoding to optimize codon 
usage for expression in E. coli can lead to activity when none was observed with the native 
gene sequence (8, 15). Thus, we had such gene constructs synthesized for CYP71Z6 & 7, 
which were also N-terminally modified for bacterial expression. These were again 
incorporated into our metabolic engineering system as described above. Notably, with the N-
terminally modified synthetic constructs CYP activity was observed. In particular, CYP71Z6 
was found to react with ent-isokaurene and CYP71Z7 with ent-cassadiene, with reasonable 
conversion of these diterpene olefins to an apparently hydroxylated diterpenoid (MW = 288 
Da) in each case (Figure 2). However, neither CYP71Z6 nor 7 exhibited activity with the any 
other of the diterpenes found in rice (e.g., CYP71Z6 does not react with ent-cassadiene and 
nor does CYP71Z7 react with ent-isokaurene).  
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Identification of hydroxylated products 
 To produce enough of these diterpenoids for structural characterization by NMR, we 
increased flux towards isoprenoid metabolism in our metabolic engineering system by 
incorporating the “bottom half” of the yeast mevalonate dependent (MEV) pathway and 
feeding the cultures mevalonate, as previously described (21). It was then possible to produce 
and purify approximately a milligram of each product by extraction from reasonable 
quantities of these recombinant cultures (3-L each). From the subsequent NMR analysis 
(Figures S2&3 and Tables S1&2), it was possible to assign the position of the resulting 
hydroxyl group in each of the observed products. Hence, we were able to determine that 
CYP71Z6 catalyzes C2-hydroxylation of ent-isokaurene and CYP71Z7 similarly catalyzes 
C2-hydroxylation of ent-cassadiene (Figure 3).  
Enzymatic characterization of CYP71Z6 & 7 
 To further characterize the hydroxylase activity observed with CYP71Z6 & 7, we 
carried out in vitro enzymatic analysis. These assays relied on co-expression with OsCPR1 
and determination of the level of functional CYP present by measurement of the CO 
difference binding spectra from the resulting clarified lysates (Figure S4). These preparations 
were then used for steady-state kinetic characterization of enzymatic activity. This revealed 
that, whereas CYP71Z6 efficiently reacts with its ent-isokaurene substrate (KM = 12 ± 7 µM, 
kcat = 0.01 ± 0.005 s-1), CYP71Z7 is much less efficient, and only poorly recognizes ent-
cassadiene as a substrate (KM = 200 ± 100 µM, kcat = 0.11 ± 0.03 s-1).  
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Discussion 
 In the oryzalides, C2 is actually replaced by the ester linkage of the eponymous –
olide (i.e., lactone ring) moiety. However, this almost certainly proceeds via initial 
hydroxylation of C2 in ent-isokaurene, as rice contains a number of related diterpenoids that 
contain such a C2-hydroxyl group, as well as the C2,3-ring opened oryzalic acids (Figure 4). 
Thus, consistent with the previously reported co-regulation of the ent-isokaurene producing 
OsKSL6 and CYP71Z6 (16), the ability of CYP71Z6 to efficiently catalyze C2-
hydroxylation of ent-isokaurene presumably reflects a role in mediating such an early step in 
oryzalide biosynthesis (Figure 4). This then provides the first evidence for a CYP involved in 
oryzalide production, and further expands the enzymatic genes from the rice chromosome 2 
cluster associated with this pathway. In addition, an initial hydroxylation role for CYP71Z6 
in oryzalide biosynthesis is consistent with similarly early roles for the CYP found in other 
plant terpenoid biosynthetic gene clusters (8, 15, 23, 24).  
 On the other hand, CYP71Z7 only poorly recognizes ent-cassadiene (KM = 200 µM), 
which then seems unlikely to be its true substrate in planta. Moreover, of the five known 
phytocassanes, only three contain a C2-oxy group (i.e., either a C2-hydroxyl or C2-keto), 
while all five have C11-keto and C3-oxy groups in common. This suggests that oxygen is 
first inserted at C3 and C11, and only then at C2. Consistent with early hydroxylation at C11, 
the CYP76M7 & 8 also found in the rice chromosome 2 gene cluster efficiently catalyze 
C11α-hydroxylation of ent-cassadiene (e.g., CYP76M8 exhibits KM = 4 µM), and have been 
shown to play a role in phytocassane biosynthesis (15). We have previously suggested that 
C2-hydroxylation occurs with a C3α-hydroxy-C11-keto-ent-cassadiene intermediate (1), and 
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hypothesize here that this is the true substrate for CYP71Z7 (Figure 4B). Such a role in 
phytocassane biosynthesis would be consistent with the observed chitin induced 
transcriptional accumulation of CYP71Z7 along with the ent-cassadiene producing OsKSL7, 
as well as CYP76M7 & 8.  
 Our results strongly suggest that, despite their close phylogenetic relationship, 
CYP71Z6 & 7 play distinct roles in rice diterpenoid phytoalexin biosynthesis. This is 
consistent with the previously reported difference in their transcript accumulation in response 
to the fungal cell wall elicitor chitin oligosaccharide (16), as well as the differing substrate 
specificities observed here (Figure 3). Given their striking difference in affinity for the 
diterpene olefin substrates characterized here, we hypothesize that CYP71Z6 & 7 also differ 
in playing early versus late roles in the relevant biosynthetic pathways, respectively (Figure 
4). Interestingly, consistent with the presence of an early acting CYP in all other 
characterized biosynthetic gene clusters in plants (8, 15, 23, 24), an early role for CYP71Z6 
in oryzalide biosynthesis suggests that this may represent the initial function for which a 
CYP71Z sub-family member was recruited into the rice chromosome 2 biosynthesis gene 
cluster. By contrast, the hypothesized later role for CYP71Z7 in phytocassane biosynthesis 
presumably reflects subsequent evolutionary duplication and functional diversification within 
the rice chromosome 2 biosynthetic gene cluster, indicating flexibility in its evolutionary 
trajectory following initial assembly, which is consistent with the previously observed roles 
for the co-clustered CYP76M5-8 sub-family members in not only phytocassane, but also 
oryzalexin biosynthesis (15).  
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Figures  
Figure 1: Rice chromosome 2 labdane-related diterpenoid gene cluster and associated 
biosynthesis pathways. The gene map is adapted from (7), with the filled boxes representing 
genes whose mRNA accumulates in response to the fungal cell wall component chitin 
oligosaccharide, while the open boxes those whose mRNA levels are unchanged (16).  
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Figure 2: Observed CYP71Z6 & 7 activity. Shown is GC-MS analysis of extracts from 
cultures engineered to produce the indicated diterpene olefin and co-express OsCPR1 with 
the indicated CYP. Chromatograms indicate relative turnover, and mass spectra the m/z peak 
for the molecular ion at 288 Da.  
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Figure 3: Reactions catalyzed by CYP71Z6 and CYP71Z7.  
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Figure 4: Putative biosynthetic roles. (a) For CYP71Z6 in oryzalide production (also shown 
are other known ent-isokaurene derived metabolites from rice). (b) For CYP71Z7 in 
phytocassane biosynthesis.  
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Supporting Information  
Figure S1: Functional map of rice diterpenoid biosynthesis. The cyclases and corresponding 
reactions are indicated. Thicker arrows indicate enzymatic reactions specifically involved in 
gibberellin phytohormone rather than more specialized metabolism [adapted from (1)].  
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Figure S2: CYP71Z6 ent-isokaurene product. A) Numbering. B) HMBC correlations.  
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Table S1. 1H and 13C NMR assignments for 2-hydroxy-ent-isokaurene. 
C δC (ppm) 
δH (ppm), 
multiplicity  J (Hz) 
1 48.75 
1.458(m), 
1.610(m)   
2 67.55 4.012(m)   
3 46.63 
1.460(m), 
1.592(m)   
4 33.24     
5 52.22 0.861(dd) 1.9, 12.0 
6 25.10 1.482 (m)   
7 39.01 1.513(2H, m)   
8 49.44     
9 49.30 1.003(d) 8.5 
10 40.52     
11 19.48 
1.478(m), 
1.605(m)   
12 20.11 
1.352(m), 
1.470(m)   
13 45.02 2.291(m)   
14 43.73 1.300(m),1.988(d) 10.1 
15 142.93     
16 135.49 5.021(s)   
17 15.62 1.678(s)   
18 25.09 0.944(s)   
19 32.78 0.907(s)   
20 22.34 1.259(s)   
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Figure S3: CYP71Z7 ent-cassadiene product. A) Numbering. B) HMBC correlations. 
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Table S2. 1H and 13C NMR assignments for 2-hydroxy-ent-cassadiene. 
C δC (ppm) 
δH (ppm), 
multiplicity  J (Hz) 
1 45.57 
1.362(m), 
1.758(dq) 1.6, 14.2 
2 68.32 4.152(p) 4.2 
3 47.10 
1.426(m), 
1.642(m)   
4 32.85     
5 54.27 0.948(dd) 2.2, 12.2 
6 21.79 
1.414(m), 
1.636(m)   
7 31.05 
1.362(m), 
1.641(m)   
8 34.92 1.588(m)   
9 45.04 1.277(m)   
10 36.83     
11 25.41 
1.995(m), 
2.098(m)   
12 128.70 5.595(t) 3.9 
13 141.93     
14 32.21 2.389(m)   
15 138.89 6.200(q)    
16 109.74 4.882(d), 5.057(d)   
17 14.77 0.909(s)   
18 24.78 1.062(s)   
19 34.12 0.897(s)   
20 16.47 1.071(s)   
 
  
 58 
Figure S4: CO-binding difference absorption spectra with reduced microsomal preparations 
showing characteristic peak at 450 nm in spheroblast preparations from recombinant E. coli 
expressing the indicated CYP. 
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Optimized synthetic gene sequences 
CYP71Z6 
atggaagataaactgattctggatctgtgcctgagcgccctgtttgtggttgtgctgtctaaactggtgagctctgcaatgaaaccgcgtc
tgaacctgccgccgggtccgtggaccctgccgctgattggtagtctgcatcacctggttatgaccaaaagcccgcagacgcatcgttc
tctgcgcgcactgagtgaaaaacacggcccgatcatgcagctgtggatgggtgaagtgccggccgttgttgttagtagcccggcagt
ggcggaagaagttctgaaacatcaggatctgcgttttgcagatcgccacctgaccgcgaccacggaagaagtgtttttcggcggtcgt
gatgttattttcggcccgtatagtgaacgttggcgccatctgcgcaaaatctgcatgcaggaactgctgacggcagcccgtgtgcgtag
ctttcagggtgttcgtgaacgcgaagtggcgcgtctggttcgtgaactggcagcagatgcaggtgcaggcggtgatgcaggtgtgaa
cctgaatgaacgcatcagcaaactggcgaacgatattgtgatggtttctagtgttggcggtcgttgttctcaccgcgatgaatttctggat
gccctggaagtggcgaaaaaacagattacctggctgagcgttgcggatctgttcccgagctctaaactggcacgtatggtggcagttg
caccgcgtaaaggtctggcgtctcgtaaacgcatggaactggtgatccgtcgcattatccaggaacgtaaagatcagctgatggatga
tagcgcagcaggtgcaggtgaagcagcagccggtaaagattgttttctggatgttctgctgcgcctgcagaaagaaggcggcacccc
ggtgccggttacggatgaaattatcgtggttctgctgttcgatatgatctctggcgcgagtgaaaccagcccgacggtgctgatttggac
cctggccgaactgatgcgtaatccgcgcatcatggcaaaagcgcaggccgaagtgcgtcaggcagttgcgggcaaaaccacgatc
accgaagatgatattgtgggtctgagctacctgaaaatggttatcaaagaaacgctgcgtctgcatccgccggcaccgctgctgaacc
cgcgtaaatgccgcgaaacctctcaggtgatgggctacgatattccgaagggtacgagtgtgtttgttaatatgtgggcgatctgtcgtg
atagccgctattgggaagatccggaagaatacaaaccggaacgtttcgaaaacaactctgtggattacaaaggcaacaacttcgaatt
cctgccgttcggcagtggtcgtcgcatctgcccgggcattaacctgggtgttgccaatctggaactgccgctggcaagcctgctgtac
catttcgattggaaactgccgaacggcatggcgccgaaagatctggatatgcacgaaaccagcggtatggtggcggccaaactgatt
accctgaatatttgtccgatcacgcacattgcgccgagtagcgcc 
 
CYP71Z7 
atggaagataacaaactgattctggcactgggtctgagtgtgctgtttgttctgctgagcaaactggtgagctctgcgatgaaaccgcgt
ctgaatctgccgccgggtccgtggaccctgccgctgattggttctctgcatcacctggttatgaaaagtccgcagatccatcgtagcctg
cgcgccctgtctgaaaaacacggcccgattatgcagctgtggatgggtgaagtgccggcagtgatcgttagtagcccggccgtggca
gaagaagttctgaaacatcaggatctgcgttttgccgatcgccacctgaccgcaacgattgaagaagtgagctttggcggtcgtgatgt
taccttcgcgccgtattctgaacgttggcgccatctgcgcaaaatctgcatgcaggaactgctgacggcagcccgtgtgcgtagcttcc
agggtgttcgtgaacgcgaagtggcccgtctggttcgtgaactggcagcagatgcaggtgccggcggtgatgccggtgtgaacctg
aatgaacgcatttctaaactggcaaacgatatcgtgatggtttctagtgttggcggtcgttgtagtcaccgcgatgaatttctggatgcact
ggaagtggcgaaaaaacagattacctggctgagcgttgcagatctgttcccgagctctaaactggcacgtatggtggcagttgcaccg
cgtaaaggtctggcgagtcgtaaacgcatggaactggtgatccgtcgcattatccaggaacgtaaagatcagctgatggatgattctgc
agcaggtgcaggtgaagcagcagccggtaaagattgctttctggatgttctgctgcgcctgcagaaagaaggcggcaccccggtgc
cggttacggatgaaattatcgtggttctgctgtttgatatgttcaccggcgcgtctgaaaccagtccgacggtgctgatttggatcctggc
cgaactgatgcgttgtccgcgcgttatggccaaagcacaggcagaagtgcgtcaggcagcagttggtaaaacccgcattacggaaa
acgatatcgtgggtctgagttacctgaaaatggttatcaaagaagcgctgcgtctgcatagcccggcaccgctgctgaatccgcgtaa
atgccgcgaaaccacgcaggtgatgggctatgatattccgaaaggcaccagcgtgtttgttaacatgtgggcgatctgtcgtgatccg
aattactgggaagatccggaagaatttaaaccggaacgcttcgaaaacaattgcgtggattttaaaggcaacaattttgaattcctgccg
ttcggcagcggtcgtcgcatttgtccgggcatcaacctgggtctggcgaatctggaactggccctggcatctctgctgtaccacttcgat
tggaaactgccgaacggcatgctgccgaaagatctggatatgcaggaaaccccgggtattgtggcagcgaaactgaccacgctgaa
tatgtgcccggttacgcagatcgcgccgagtagcgcggaagatgccagc 
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Chapter IV: CYP76M6 and CYP76M8, two cytochromes P450 involved in 
oryzalexin D and E biosynthesis in rice 
Abstract 
Rice produces an array of labdane-related diterpenoids (LRDs) that function either as 
phytoalexins or allelochemicals. The biochemical function of all the rice diterpene synthases 
has been elucidated. The downstream oxygenation reactions have been suggested to be 
catalyzed by cytochromes P450 (CYP) and short-chain dehydrogenases/reductases (SDR). 
Here we report complete identification of the biosynthesis of oryzalexin D and E. These are 
derived from ent-sandaracopimaradiene, which is formed by the consecutive activity of 
OsCPS2 and OsKSL10, and we have recently demonstrated the production of C3α-hydroxy-
ent-sandaracopimaradiene by a rice ent-kaurene oxidase paralog, OsKOL4/CYP701A8. This 
has been proposed to be a key intermediate in oryzalexin biosynthesis, and here we 
demonstrate that CYP76M6 and CYP76M8 will further hydroxylate this at the C9 and C7 
positions to produce oryzalexin E and D, respectively. Accordingly, our results have 
identified enzymes involved in the rice oryzalexin D and E biosynthetic network. 
 
Introduction 
Labdane-related diterpenids (LRD) are a group of natural products primarily produced 
by plants. They are derived from C20 ent-copalyl diphosphate. LRD not only serve as crucial 
signaling molecules for plants themselves, e.g. gibberellic acid (1), defense compounds, e.g. 
kauralexins from maize(2), but also pharmaceutical for human beings, e.g. taxol. Because of 
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the limited amount of LRD in nature, an attractive alternative way is to engineer their 
biosynthetic pathways into microorganisms. Therefore it is essential to understand how those 
compounds are biosynthesized in plants. 
In response to pathogen infection, rice produces an array of LRD phytoalexins, 
including oryzalexins and phytocassanes etc. (1). Similar to biosynthesis of gibberellic acid 
phytohormone, the founder member of LRD family, the biosynthesis of LRD phytoalexins 
starts from universal diterpene precursor, (E,E,E)-geranylgeranyl diphosphate (GGPP). Two 
sequential cyclization reactions, which are catalyzed by class II and class I diterpene cyclases, 
take place to produce diterpene backbones, followed by oxygenation reactions carried out by 
CYP and SDR (1).  
All the class I and class II diterpene cyclases have been previously characterized and 
hypothetical biosynthetic pathways have also been proposed for LRD phytoalexins in rice (3). 
Recently, we reported several CYPs involved in the initial oxidation steps of LRD 
biosynthesis(4-8). The biosynthesis of oryzalexins, a subfamily of LRD phytoalexins isolated 
from both rice leave lesions when infected by Magnaporthe grisea and UV-irradiated rice 
leaves, initiates from the cyclization of GGPP to produce bicyclic ent-copalyl diphosphate by 
copalyl diphosphate synthase 2(OsCPS2) (9) (Figure 1). Notably, OsCPS2 is a paralog of 
OsCPS1, which is constitutively expressed and involved in biosynthesis of gibberellic acid. 
Subsequently, kaurene synthase like 10 (OsKSL10), a paralog of kaurene synthase involved 
in gibberellic acid biosynthesis, cyclizes ent-copalyl diphosphate to ent-
sandaracopimaradiene (3). C3α-hydroxy-ent-sandaracopimaradiene was isolated as a non-
bioactive intermediate of oryzalexins from rice (10). We recently reported CYP701A8, a 
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paralog to kaurene oxidase CYP701A6, is an ent-sandaracopimaradiene C3α hydroxylase, 
and CYP76M5, 6&8, three CYPs localized in diterpenoids biosynthesis cluster on 
chromosome 2, are ent-sandaracopimaradiene C7β hydroxylase(4, 5). However, that how 
bioactive oryzalexins are synthesized is still unknown.  
Oryzalexin D and E can be produced by incubating C3α-hydroxy-ent-
sandaracopimaradiene with microsome of UV radiated rice leaves extract and NADPH (10). 
Notably, oryzalexin D and oryzalexin E are C7-hydroxy and C9-hydroxy product of C3α-
hydroxy-ent-sandaracopimaradiene. In this study, we characterized the CYP involved in 
biosynthesis of oryzalexin D and E, adding the last piece of biosynthetic pathway of these 
two important anti-fungi compounds.  
 
Results 
Optimization of metabolic engineering system to enable double CYPs expression 
We have successfully characterized many single hydroxylated diterpenoids by our 
metabolic engineering system(4, 5, 8). To assess multi-hydroxylated compounds, we 
modified our previously robust metabolic engineering system to enable dual expression of 
CYPs. Specifically, We substitute previously pDest 14 vector with pETDuet vector, in which 
first multi cloning site is modified to Dest cussette from Invitrogen. This enables us to use 
LR recombination and can screen many combinations of CYPs more efficiently. We then put 
the other CYP in the second multi coloning site by traditional ‘enzymatic digestion and 
ligation’ fashion. Also, we put CYP reductase partner and certain diterpene cyclase in 
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pCDFDuet vector. By coexpression this two vectors with our previous pGGxC vector 
harboring GGPP synthase and copalyl synthase (11), we can look for our desire compounds 
by analyzing corresponding E.coli’s metabolites.  
Identification of double hydroxylated products 
Based on our success in using codon-optimized and N-terminal modified CYP for 
functional expression in E.coli, we screened all the double CYP combinations using codon-
optimized and N-terminal modified versions. Because C3α-hydroxy-ent-
sandaracopimaradiene is an intermediate of oryzalexin D and E, We put corresponding 
biosynthetic enzyme CYP701A8 in the second site of pETDuet vector, and we engineered 
the first site suitable for the TOPO-GatewayTM technology. By LR recombination of 
CYP76M subfamily members into first site of pETDuet vector, we screened all the CYP76M 
subfamily members from rice with CYP701A8. Only the combination of CYP701A8 plus 
CYP76M6, and CYP701A8 plus CYP76M8 produced double hydroxylated compounds 
(compound I and II respectively) (Molecular Weight=304) (Figure 2).  
Structural analysis of two hydroxylated compounds  
Comparing with our authentic standard, compound I was proved to be oryzalexin E. 
Unfortunately, compound II did not match any authentic standards, which we have in hand. 
To enable the identification of this compound, we scaled up the metabolic engineering 
system by incorporating pMBI plasmids to increase the flux to isoprenoids production as 
previously described (8). About 0.5 mg of compound II was purified and NMR analysis 
showed that the sturecture is oryzalexin D.  
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Discussion 
Current study revealed the last step of biosynthesis of oryzalexin D and E. Including our 
previous identified CYP701A8, we established the whole pathway using metabolic 
engineering system by following natural biosynthetic logic. Many CYPs have low catalyzing 
activity after in vitro purification and many substrates are not readily available. Our 
metabolic engineering system directly produced substrates and intact CYP within an E.coli 
cell, avoiding tedious CYP purification and substrate preparation process. By emulating 
natural biosynthetic pathway, our method not only avoided tedious labor work for 
characterizing enzymes, but also increased production efficiency. We also showed that E.coli 
have the capability to expressed more than 6 proteins at one time, even with CYPs, which are 
difficult to be functionally expressed. Our study provided a solid basis to explore the 
biosynthetic enzymes in other type of LRD phytoalexin.  
Another interesting finding was that both CYPM6 and CYP76M8 catalyze C7β 
hydroxylation of ent-sandaracopimaradiene, whereas CYP76M6 hydroxylates C9β of C3α-
hydroxy-ent-sandaracopimaradiene instead. This result indicated that regio- specificity for a 
single enzyme could change even when the two substrates differ only by a single hydroxyl 
group. As shown in Figure 4, C7β and C9β are proximate in space, facing to the same side of 
molecules. The general mechanism of CYP catalytic cycles is that the substrate docking 
induces the oxidation of central Fe3+ ion in heme and produces a super reactive (FeIV=O) 
intermediate. This intermediate will then attack the neighboring C-H bond of substrate to 
generate an oxidized products(12). Hence, the regio-specificity is largely determined by how 
substrate docks onto the enzyme. For CYP76M8, both ent-sandaracopimaradiene and C3α-
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hydroxy-ent-sandaracopimaradiene substrates adopt a similar docking orientation and thus 
catalyzing the same C7β hydroxylation. However, in CYP76M6, the C3 hydroxyl group 
rotates substrate docking causing the hydroxylation at different positions. So far, four 
members in CYP76M subfamily (CYP76M5-8) have been biochemically characterized, 
exhibiting strikingly different substrate specificity and catalyzing activity in spite of their 
high identity (Table 1)(4). This provides us biochemical evidence to understand and explore 
the critical residues to engineer CYP. 
Moreover, our study provides a direct evidence to show that LRD cluster in 
chromosome 2 is involved in oryzalexin biosynthesis, in which at least two genes are located 
elsewhere in genome (OsKSL10, CYP701A8). Intriguingly, CYP701A8 itself is located in a 
KO (kaurene oxidase) cluster, in which 5 KO paralogs line up (5). Moreover, CYP701A8 can 
react with other gene products from chromosome 2 cluster, e.g. ent-cassa-12, 15-diene 
produced by OsKSL7 (5). It is very interesting that there is crosstalk between the two gene 
clusters. So far, we have identified three types of LRD phytoalexins associated with this 
cluster: phytocassanes, oryzalides, oryzalexins (4, 6, 8). It is very unusual comparing with 
other gene clusters, which always contain genes for producing a single product. The 
biochemical characterization of each member becomes important to deepen our 
understanding about how and why those clusters are assembled. 
In conclusion, our study is the first to reveal complete biosynthetic pathway of 
oryzalexin D and E, which are two important phytoalexin for rice with agricultural 
importance. Secondly, the regio-specificity of CYP76M6 and CYP76M8 readily provides us 
insight into structure-function relationships. Last, it is the first direct and complete evidence 
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to show LRD phytoalexin cluster in chromosome 2 is associated with oryzalexin. The 
organization of corresponding biosynthetic genes in genome will enhance our understanding 
about gene clusters in plants. 
 
Material and methods 
General 
Unless otherwise noted, all chemicals were purchased from fisher (Loughborough, 
Leicestershire, UK), and molecular biology reagents from Invitrogen (Carlsbad, CA, USA). 
pETDuet, pCDFDuet, and pACYCDuet vectors were purchased from novagen. Gas 
chromatography (GC) with a Varian (Palo Alto, CA) 3900 GC with Saturn 2100 ion trap 
mass spectrometer (MS) in electron ionization (70 eV) mode was carried out as previously 
described.  
Recombinant construct 
CYP701A8, CYP76M6 and CYP76M8 using in this study are codon-optimized and N-
terminal modified version as previously described(4, 5). Briefly, the open reading frame of 
genes above were recoded with E.coli’s codon preference by Genscript, and N-terminal 
membrane associated domain was removed (38 codons for CYP76M6, 33 codons for 
CYP76M8 and 42 codons for CYP701A8), and replaced by 10 new codons encoding the 
amino acid sequence “MAKKTSSKGK”, which is used for bacterial expression of CYP2B 
family(13). Vector pETDuet was modified to harbor a Dest Cassette (Invitrogen) in first 
multiple cloning site, and one of the above CYPs in second multiple cloning site between 
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NdeI and XhoI. The first site was then recombinant with various CYPs to enable the 
screening of different combination of CYPs. We also recombinantly put OsR1 (rice CYP 
reductase) in the first site of pETDuet to make pETDuet OsR1/CYP76M6 and pETDuet 
OsR1/CYP76M8 for kinetics analysis. 
Recombinant expression and screening 
A pCDFDuet vector harboring OsKSL10 (ent-sandaracopimaradiene synthase), and 
OsCPR, pETDuet vector harboring dual CYPs, and a pCOLADuet vector harboring GGPP 
synthase and ent-copalyl diphosphate synthase were cotransformed to E.coli C41 strain cells 
(Lucigen). Resulting colonies were grown in 50 mL TB (Terrific Booth) culture for three 
days at 16°C with the supplement of 5mg/liter of riboflavin, 75mg/liter of δ-amino levulinic 
acid and 1mM of IPTG and then extracted by equal amount of hexanes and analyzed by GC-
MS. 
Diterpenoids production 
To access enough amount of double hydroxyl compounds for NMR analysis, we scaled 
up the metabolic engineering system by incorporating pMBI plasmid, which supplements 
isoprenoid unit IPP and DMAPP by containing ‘bottom half’ of the mevalonate dependent 
isoprenoid precursor pathway from yeast. The resulting colonies were grown and fed with 
10mM mevalonate much as previous decribed(4, 5, 8). The culture was extracted with equal 
amount hexanes twice and the organic layer was combined and concentrated by rotary 
evaporation. The resulting residue was resuspended with 10 mL hexanes and extracted with 
equal amount of acetonitrile for three times. Acetonitrile fraction then was combined, dried 
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down by N2 flow and fractionated over a 4g silica column by flash chromatography using a 
Reveleris system (Grace, Deerfield, IL) equipped with UV and ELSD detector, with hexanes: 
acetone gradient as mobile phase. Corresponding double hydroxy diterpenoid compounds 
were eluted in 20% acetone fraction, which were combined and dried, resolved with 
acetonitrile and further purified by HPLC, with Agilent 1200 series instrument over a 
ZORBAX Eclipse XDB-C8 column (4.6×150mm, 5µm) at a 0.5 ml/min flow rate. The 
sample is loaded with 50% acetonitrile/dH2O, washed with a gradient of 50% 
acetonitrile/dH2O (0-2min), 50-100% Acetone/dH2O (2-7min), and 100% acetonitrile. The 
corresponding fraction was verified by GC-MS, combined, dried, and dissolved in 0.5 ml of 
deuterated chloroform (CDCl3; Sigma), with this final process repeated once to completely 
remove acetonitrile solvent, resulting in a final ~1mg novel diterpenoid. 
Chemical structure identification  
The purified compound II were dried under N2, then brought up in 0.5 mL deuterated 
chloroform (CDCl3) and placed into microtubes (Shigemi;Allison Park, PA) for analysis. 
Corresponding NMR spectra was recorded at 25°C on a Bruker Avance 700 spectrometer 
equipped with a 5-mm HCN cryogenic probe for 1H and 13C. Chemical shifts were 
referenced using known chloroform (13C 77.23, 1H 7.24 ppm). Chemical shifts were 
referenced using known chloroform (13C 77.23, 1H 7.24 ppm) signals offset from TMS 
(Tables S1 and S2). Structural analysis was performed using 1D 1H, 2D DQF-COSY, HSQC, 
HMQC, HMBC, and NOESY experiment spectra acquired at 500 or 700.13 MHz, and 1D 
13C and DEPT135 spectra (125.5 MHz or 174 MHz) using standard experiments from the 
Bruker TopSpin v1.3 or 1.4 software, respectively. Correlations from the HMBC spectra 
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were used to propose apartial structure, while resonance signals between protonated carbons 
were obtained from DQF-COSY data to complete the partial structure and assign proton 
chemical shifts. The structure was further verified using HSQC, and DEPT135 spectra to 
confirm assignments. 
Substrate preparation 
Both ent-sandaracopimaradiene and 3α-hydroxy-ent-sandaracopimaradiene used in 
kinetics assays were purified from our metabolic engineering system, much as described(5).  
Kinetics analysis 
Kinetics analysis was carried out much as previously described with some modifications. 
Generally, pETDuet OsR1/CYP76M6 and pETDuet OsR1/CYP76M8 (see recombinant 
construct) were transformed separately to E.coli strain C41and grown for 3 days at 16°C with 
the supplement of 5mg/liter of riboflavin, 75mg/liter of δ-amino levulinic acid and 1mM of 
IPTG. The cells were then harvest, resuspened with 10% culture volume of buffer A (0.1 M 
Tris-HCl, pH 7.2, 20%glycerol, 0.5 mM EDTA) and passed through a French press 
homogenizer (Emulsiflex-C5, Avestin Inc. Ottawa, Canada) three times at 15000psi. The 
lysate were clarified via centrifugation and the supernatant was used for kinetics assay. CYP 
was quantified by reduced CO-binding difference spectra using the standard extinction 
coefficient of (ΔA450-Δ490)/0.091 (nmol of CYP per ml)(14). Kinetics assays were 
performed using 100pM active enzymes in 0.5mL reaction containing 0.4mM NADPH and 
varying substrate concentrations (5-160µM). The substrates were made as 100 times stock in 
MeOH and kinetics assays initiated by adding NADPH. After 10 min incubation at 30°C, the 
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assay were stopped by adding 50µl 1M HCl. The enzymatic products were then extracted 
from aqueous assay via three successive 1mL hexanes co-incubation. The organic layer were 
combined, dried and analyzed by GC-FID (flame ionization detector). Assays were 
performed with duplicate with each substrate concentration. Kinetics data was fit to 
Michaelis-Menten equation by Kaleidagraph (Synergy Software). 
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Figures 
Figure 1. Hypothetical biosynthesis pathways for oryzalexin D and E. Solid arrow indicates 
the identified biosynthetic reaction, dashed arrow indicates hypothetical biosynthetic reaction. 
Cross mark suggests the unlikelihood of this reaction in vivo. 
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Figure 2. Hydroxylation of C3α-hydroxy-ent-sandaracopimaradiene by CYP76M6 and 
CYP76M8. A and B. GC-MS chromatogram of extracts from cultures engineered to produce 
the corresponding ent-sandaracopimaradiendiol, peak 1 is ent-sandaracopimaradiene, peak 2 
is C7β-hydroxy-ent-sandaracopimaradiene, peak 3 is ent-copalyl, and peak 4 is C3α-ent-
sandaracopimaradiene. Peak 5 and 7 is the dehydration product of peak 6 and 8 respectively. 
The spectrum of peak 6 (compound I) and 8 (compound II), the ent-sandaracopimaradiendiol, 
are shown in C and D, corresponding m/z is indicated. 
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Figure 3. Reactions catalyzed by CYP76M6 and CYP76M8 
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Figure 4. Configuration of oryzalexin D and E. 
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Table 1. Substrates specificity and regio-specificity for CYP76M6-8 
  CYP76M5 CYP76M6 CYP76M7 CYP76M8 
ent- ent-cassadiene   C11α C11α 
ent-pimaradiene  C7β  C7β 
ent-isokaurene  C7α  C7α 
ent-sandaracopimaradiene C7β C7β  C7β 
C3α-hydroxy-ent-
sandaracopimaradiene 
 C9α  C7β 
syn- syn-pimaradiene    C6β 
syn-stemodene  C6β   
normal pimaradiene    C9α 
sandaracopimaradiene    C9α 
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Supplementary data 
Table S1. 1H and 13C NMR assignments for oryzalexin D, 3(alpha), 7(beta)-hydroxy-ent-
sandacopimaradiene. 
C δC (ppm) δH (ppm), multiplicity  J (Hz) 
1 37.27 1.212(dt), 1.723(dt) 3.2, 13.2 
2 27.77 1.546(m), 1.658(m)   
3 79.10 3.294(dt) 4.8, 11.6 
4 38.76     
5 46.60 1.578(m)   
6 29.13 1.589(m), 1.788(m)   
7 73.35 4.203(s-broad)   
8 139.00     
9 46.02 2.073(t) 7.3 
10 37.68     
11 18.50 1.476(m), 1.610(m)   
12 34.42 1.369(dt), 1.467(m) 3.1, 12.5 
13 38.50     
14 134.90 5.516(s)   
15 148.30 5.765(q) 10.3, 17.5 
16 110.99 4.912(d), 4.923(d) 10.3, 17.5 
17 25.88 1.030(s)   
18 15.82 0.810(s)   
19 28.00 1.008(s)   
20 14.38 0.761(s)   
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Chapter V: Elucidating final oxygenation steps to produce oryzaelxin A, B 
and C: biochemical characterization of OsMAS, OsMASL1 and OsMASL2 
Abstract 
OryzalexinA-F are labdane-related diterpenoids, isolated from Magnaporthe grisea 
infected rice leaves, and function as phytoalexin. All the members in this family are ent-
sandaracopimaradiendiol. The biosynthesis of them has been partially elucidated: their 
carbon backbone, ent-sandaracopimaradiene, is biosynthesized from (E,E,E)-geranylgeranyl 
diphosphate (GGPP) by two diterpene cyclases. Subsequently, CYP701A8 hydroxylate ent-
sandaracopimaradiene at C3 to produce an important intermediate C3α-hydroxy-ent-
sandaracopimaradiene for all six oryzalexins. Recently, we also characterized two 
hydroxylases CYP76M6 and CYP76M8, which can react with this intermediate to produce 
oryzalexin E and D respectively. Oryzalexin D (3,7-dihydroxy-ent-sandaracopimaradiene) is 
the precursor to oryzalexins A-C, which are simply keto derivatives of oryzalexin D. 
However, the corresponding enzymes are not yet known. Here we report the characterization 
of three short chain dehydrogenase/reductase (SDR) involved in the production of oryzalexin 
A, B, and C. The SDR OsMAS has been shown to catalyze C3α-hydroxy oxidation to a C3-
keto group in other types of rice LRD biosynthesis. We have found that this, as well as the 
closely related OsMAS-like1 will similarly convert oryzalexin D to the C3-keto derivative 
oryzalexin B. Another, less closely related SDR, OsMAS-like2, transforms oryzalexin D to 
the C7-keto derivative oryzalexin A, which also can produce the 3,7-diketo derivative 
oryzalexin C (either alone or in combination with OsMAS). Together, we established the 
biosynthetic network of oryzalexin A-C. 
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Introduction 
A set of well-defined labdane-related diterpenoids (LRDs) can be produced as 
phytoalexins when rice is infected by microorganisms. The biosynthesis of LRD has been 
largely elucidated during the past several years (1-5). Briefly, all LRDs are synthesized from 
two successive cyclization reactions catalyzed by class II and class I diterpene cyclases, 
converting GGPP to multi-rings LRD backbone (6, 7). Subsequently, a variety of 
oxygenation tailoring reactions are catalyzed by cytochrome P450 (CYP) to produce 
hydroxylated LRDs. Many regio- and stereo- specific CYPs have been biochemically 
identified by our previous work (2-5, 8). Some of the hydroxyl groups will be further 
converted to ketone groups, e.g. C3 ketone group in momilacotne A, C3 and C7 ketone 
groups in oryzalexins, and C2, C3, C11 ketone groups in phytocassanes. Although some 
CYPs are able to convert hydroxyl en route to ketone group (9), none of the CYPs that we 
characterized above can trigger such reactions to directly produce ketone groups in the 
positions listed above. Meanwhile, short-chain alcohol dehydrogenase/reducatse (SDR) are 
capable to catalyze such reactions in terpenoids metabolism. For example, two similar SDRs 
were identified in peppermint and spearmint respectively to produce (-)-isopiperitenone and 
(-)-carvone (10). Also, an SDR named ZSD1 can produce zerumbone by converting C8 
hydroxyl group to ketone group (11). There is also one dehydrogenase, named OsMAS, 
which catalyzed the last step of biosynthesis of momilactone A, identified in LRD 
biosynthesis network from rice (12). 
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SDR is a well defined NAD(P)(H)-dependent enzyme family that belongs to 
oxidoreductase super family. In plants, SDR participate in biosynthesis of a range of 
compounds with various biological and physiological functions such as abscisic acid (13), 
phytosteroid (14), and lignan (15), etc. SDRs are usually a peptide of 250-300 amino acids 
with two domains: one is NAD(P)(H) cofactor binding domain and the other is substrate 
binding site. The amino acids identity among SDR members is only around 15-30%, but all 
he crystal structures identified so far share a conserved α/β sandwich folding pattern.  
We have previously established the biosynthetic pathway of oryzalexin D (Figure 1) (see 
chapter IV). Briefly, terpene cyclase OsCPS2 and OsKSL10 function successively to produce 
ent-sandaracopimaradiene from GGPP (16). Then CYP701A8 and CYP76M8 hydroxylate 
C3 and C7 respectively to produce oryzalexin D. Oryzalexin A, B, and C are ketone 
derivatives of oryzalexin D (Figure 1), but the underlying catalytic enzymes are still 
unknown. Here, we biochemically characterized OsMAS and its two paralogs involved in 
producing oryzalexin A, B, and C by combining sequence alignment, and in vitro enzymatic 
assays. 
Results 
Sequence analysis of OsMAS, OsMASL1, and OsMASL2 
OsMAS is located in a 168 kb diterpene biosynthesis cluster located in chromosome 4 
(12)(Figure. 2). Besides OsMAS, this cluster includes a terpene cyclase OsKSL4, and two 
cytochromes P450 CYP99A2 and CYP99A3 (4). The expression of all the genes within this 
cluster is up-regulated upon chitin oligosaccharide elicitor N-acetylchitooctaose and UV-
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irradiation (12). Next to OsMAS, there is a paralog of OsMAS that we named it OsMASL1 
(OsMAS like-1), which has not been functionally characterized before. OsMAS and 
OsMASL1 share 96% identity in amino acids level. We also named another closely related 
SDR OsMASL2 (OsMASL like-2), which shares about 80% identity with OsMAS and 
OsMASL1. Moreover, the transcript of OsMASL2 is also upregulated upon chitin elicitor 
induction, indicating its potential role in biosynthesis of phytoalexins (17). The alignment of 
OsMAS, OsMASL1, OsMASL2 and previously known 17-hydroxysterioid dehydrogenase 
(HSD, PDB code 1hxh) is shown in Figure 3. The N-terminus TGxxxGxG coenzyme binding 
region and S-YxxxK triad active site in the middle of protein defined them as classical 
subfamily members of SDR (18). A conserved Asp (residue 48 of OsMAS) indicates the 
preference for NAD over NADP (19). Because of OsMAS’s activity towards momilactone 
precursor, their high identity, and elicitor induced transcript, we proposed that those three 
SDRs might be involved in the production of oryzalexin A, B, and C. 
OsMAS, OsMASL1 and OsMASL2 convert oryzalexin D to oxidized keto products 
To examine whether OsMAS can also trigger C3α-hydroxy oxidation of oryzalexin D, 
we expressed the full length OsMAS in E.coli with a N-terminal His tag and purified the 
resulting protein by nickel affinity chromatography. Purified OsMAS was incubated with 
oryzalexin D (Molecular Weight=304) in the presence of NAD+ and the product was 
analyzed by GC-MS. As shown in Figure 4, another peak with a molecular weight of 302 
(compound I) appeared when OsMAS incubated with oryzalexin D, whereas no products 
were detected without OsMAS. Similarly, OsMASL1 can also convert oryzalexin D to a 
same product. Interestingly, when OsMASL3 incubated with oryzalexin D, another two 
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peaks showed up with molecule weight (MW) of 302 (compound II) and 300 (compound III) 
respectively. Since in oryzalexin D there are only two hydroxyl groups with which the 
dehydrogenases can react, compound III must be oryzelxin C (MW=300), in which both 
hydroxyl groups are oxidized to ketone groups. Both compound I and II have MW of 302, we 
can deduce that one of the hydroxyl group is oxidized to ketone group in both compounds. In 
other words, compound I and II are oryzalexin A or B. However, it is impossible to 
discriminate oryzalexin A and B merely by mass spectrum.  
Initial assignment of oryzalexin A and oryzalexin B by metabolic engineering 
An alternative way to distinguish compound I and II was to test which hydroxyl group 
can be oxidized by OsMAS, OsMASL1 and OsMASL2. Thus we used single hydroxy ent-
sandaracopimaradiene as substrate. We incubated three dehydrogenases with either C3α-
hydroxyl-ent-sandaracopimaradiene, or C7β-hydroxy-ent-sandaracopimaradiene, and then 
detected corresponding products by GC-MS. As a result, both OsMAS and OsMASL1 could 
only convert C3α-hydroxy-ent-sandaracopimaradiene to corresponding ketone derivatives 
with limited activity. As indicated in Figure 5, a new small peak with MW of 286 showed up, 
whereas OsMASL2 can convert both C3α-hydroxy-ent-sandaracopimaradiene and C7β-
hydroxy-ent-sandaracopimaradiene to corresponding ketone derivatives. These results 
indicated that both OsMAS and OsMASL1 can oxidase C3α-hydroxyl group and OsMASL2 
can oxidase both C3α and C7β hydroxyl groups. Therefore, we can tentatively deduce that 
OsMAS and OsMASL1 can produce oryzalexin B (compound I) and hence compound II 
must be oryzalexin A. 
Structure analysis of oryzalexin B by NMR 
 83 
To verify that compound I is oryzalexin B, we scaled up our in vitro assay. To start with, 
we purified 0.5mg oryzalexin D substrate via our robust metabolic engineering system (see 
chapter IV). Subsequently, we simply run several in vitro reactions using OsMAS as catalytic 
enzyme. After purification by HPLC, we were able to isolate 0.2mg compound I. The 
corresponding 1D proton NMR data matched oryzelxin B rather than oryzalexin A from 
previous literature (20). Thus we verify compound I is oryzaelxin B. And finally we can 
conclude that compound II is oryzalexin A.  
Substrate specificity of OsMAS, OsMASL1 and OsMASL2 
Since many dehydrogenases exhibit substrate promiscuity(11, 21), we also tested the 
activities of OsMAS, OsMASL1 and OsMASL2 towards different substrates. Because 
OsMAS was initially been characterized as 3β-hydoxy-9β-pimaradiene-19,6-βolide C3β 
oxidase, we first tested whether OsMASL1 and OsMASL2 can react with the same product. 
As listed in table 1, all three enzymes can effectively convert 3β-hydoxy-9β-pimaradiene-
19,6-βolide to momilactone A. Interestingly, when we use C3β-syn-pimara-7, 15- diene, 
which had the same hydroxyl which OsMAS catalyze with, as a substrate, the activity was 
substantially decreased for all three enzymes. Similar assays were performed using C11α-
hydroxy-ent-cassa-12, 15-diene as substrates. None of the above dehydrogenases were able 
to catalyze such oxidation towards this C11α hydroxyl group of ent-cassadiene. (Table 1).  
Discussion 
 It is not surprise that OsMAS can trigger C3-hydroxy oxidation of both momilactone 
precursor and oryzalexin D due to the fact that many SDR have broad substrate range (21). 
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Besides of momilactone precursor and oryzalexin D, many other phytoalexins have C3-
ketone moiety, including phytocassane A and E. Although we did not verify in present study, 
we anticipate that OsMAS, OsMASL1 and OsMASL2 can also trigger similar oxidation 
reactions. On the other hand, besides phytoalexins, many natural occurring compounds 
contain 3-oxy moiety, e.g. cholesterol, testosterone, and abscisic acid. It raises a questions 
that why this position is favored by different kinds of compounds. One possible explanation 
is that the 3-oxy moiety is universally important for their bioactivity. However, C3-hydroxy-
ent-sandaracopimaradiene is not bioactive (22). It is interesting to compare the bioactivity of 
compounds without this moiety or at alternative position to wild type compounds. 
It is still mysterious that why and how plants also have some gene clusters similar to 
operon from prokaryotes. Although the number of examples is rather limited comparing with 
the huge number of total genes from plants, it cannot be simply explained as random 
coincidence. On the other hand, OsMAS and OsMASL1, two genes locate in chromosome 4 
momilactone biosynthetic gene cluster (4), are now suggested to involve in biosynthesis of 
other types of phytoalexins. It seems that the function of the genes in a certain cluster is not 
limited to the cluster itself. In other words, they can also participate in the bioactivity outside 
the gene cluster. Nevertheless, OsMAS and OsMAL1 show regio-specificity comparing with 
OsMAL2 based on the fact that the former two can only react with C3-hydroxyl, whereas the 
last can catalyze both C3 and C7-hydorxy oxidation. This specificity might be achieved 
during evolution because momilactone only have this C3-keto moiety, and correspondingly, 
only C3-hydroxy SDR is needed. 
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A phylogenetic tree is generated using OsMAS, OsMASL1, OsMASL2 and some other 
functionally known SDRs from plants (Figure 7). The most closely related SDR with known 
function from other species with our three SDRs in this study is secoisolariciresinol 
dehydrogenase involved in lignan formation from Forsythia×intermedia (54% identity)(23). 
The other close related SDRs (45%-50% identity) include maize sex determination protein 
tesselseed-2 (21), monoterpene SDR from Artemisia annua (24), xanthoxin dehydrogenase 
participating ABA biosynthesis form Arabidopsis (25), and monoterpene dehydrogenase 
from Zingiber zerumbet (11). They exhibit versatile activity with substrates ranging from 
terpene to steroid. The terpene biosynthesis related SDRs, does not cluster together. This 
suggests that the substrate specificity is hard to predict merely based on the primary 
sequences. Also, the distance between some terpene related SDRs indicate that they might 
evolve separately from proximate SDR ancestors.  
The biochemical characterization of OsMAS, OsMASL1, and OsMASL2 in oryzalexin 
A-C biosynthesis in rice completes the last piece of characterizing oryzalexin biosynthesis. It 
is important to understand how those pathways are organized and regulated. Moreover, 
OsMAS and OsMASL1 are located in momilactone gene cluster, whereas in this study we 
have shown that these two genes participate in the biosynthesis of oryzalexins, which are not 
associated with this gene cluster. With this kind of knowledge accumulated, we will 
understand gene clusters in eukaryotes more deeply. 
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Material and methods 
General 
Unless otherwise noted, chemicals were purchased from Fisher Scientific 
(Loughborough, Leicestershire, UK), and molecular biology reagents from Invitrogen 
(Carlsbad, CA, USA). The gene mapping and nomenclature used is modified from previous 
publication (4). Gas chromatography (GC) with a Varian (Palo Alto, CA) 3900 GC with 
Saturn 2100 ion trap mass spectrometer (MS) in electron ionization (70 eV) mode, was 
carried out as previously described(2-4, 8) 
Recombinant construct and protein purification 
OsMAS and OsMASL2 were obtained from KOME rice cDNA databank (GeneBank 
accessions AK103462and AK110700, respectively). OsMASL1 (GeneBank accessions 
AK240900) was synthesized as codon optimized version for E.coli from GeneScript (see 
supporting data for sequence). These were cloned into pENTR/SD/D-TOPO, and then 
transferred to pDEST15 plasmids by LR recombination before verified by complete 
sequencing. 
The resulting pDEST15 plasmids were transformed to E.coli C41 strain cells. The 
positive colonies were grown at 37°C overnight in 50mL NZY medium before inoculated to 
1L NYZ until OD 0.6-0.8 at A600. The culture was then induced by 1mM isopropyl β-D-1-
thiogalactopyranoside and transferred to 16°C for 16 hours before harvest. Cell pellets were 
collected, resuspended in 1/50 of the culture volume lysis buffer (50mM Bis-Tris, 150mM 
KCl, 20mM Mg2SO4, 10%glycerol, 1mM DTT, pH6.8). Cells were lysed by brief 
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sonification and clarified via centrifugation at 15,000g for 25 min at 4 °C. 2ml of a slurry Ni-
NTA resin was added to clarified lysate and incubated for 2 hours. The resin was washed by 
three successive washes of 20 ml wash buffer (50mM Bis-Tris, 150mM KCl, 20mM 
imidazole, pH 6.8) and then eluted by 5 ml elution buffer (50mM Bis-Tris, 150mM KCl, 
250mM imidazole, pH 6.8). The imidazole was removed by dialysis in 12-15KD cut-off 
membrane (Spectrum Chemical and Laboratory Products, Gardena, CA) against 1L dialysis 
buffer (20mM Tris-HCl, 150mM KCl, 10% glycerol, pH 7.8) twice. The resulting pure 
protein was subjected to enzymatic assay.  
NMR analysis of compound I 
The purified compound I were dried under N2, then brought up in 0.5 mL deuterated 
chloroform (CDCl3) and placed into microtubes (Shigemi;Allison Park, PA) for analysis. 
Corresponding NMR spectra was recorded at 25°C on a Bruker Avance 700 spectrometer 
equipped with a 5-mm HCNcryogenic probe for 1H and 13C. Chemical shifts were referenced 
using known chloroform (13C 77.23, 1H 7.24 ppm) signals offset from TMS. The 1H-NMR 
spectrum (700 MHz, CDCl3) of oryzalexin B: δ 5.70 (1H, dd, J = 17.5, 10.3 Hz), 5.51 (1H, 
br.s), 4.87 (1H, d, J = 17.5 Hz), 4.86 (1H, d, J = 10.3), 4.18 (1H, br.s), 2.56 (1H, td, J = 14.5, 
6.0 Hz), 2.26 (1H, dt, J = 14.5, 3.7 Hz), 2.1 (1H, t, J = 7.5 Hz), 1.98 (1H, dd, J = 11.8, 4.2 
Hz), 1.93 (1H, ddd, 13.3, 5.7, 3.3 Hz), 1.20 ∼ 1.69 (7H), 1.03 (3H, s), 0.992 (3H, s), 0.987 
(3H, s), 0.90 (3H, s).  
Substrate preparation  
Oryzalexin D, C3β- syn-pimara-7, 15-diene, and C11α-hydroxy-ent-cassa-12, 15-diene 
were purified from metabolic engineering system as previously described (see chapter IV and 
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VI)(2). 3β-hydoxy-9β-pimaradiene-19,6-βolide is prepared by reduction of momilactone A as 
described previously (26). Briefly, 0.5 mg lithium aluminium hydride added to 5 mg stirred 
mixture of momilactone A and anhydrous ether. The reaction went on for another 10 minutes 
with continuous stirring at room temperature and excessive lithium aluminium hydride was 
removed by adding water slowly. The aqueous layer was separated and extracted with ether 
twice. The combined ether solutions were washed with water, dried (Na2SO4), dissolved in 
acetonitrile and purified by HPLC with a C8 column. The structure of resulting compound is 
determined by GC-MS and NMR.  
Enzymatic analysis 
Assays were conducted containing 40nM enzyme, 50uM substrate, 1mM NAD+, in 1 
mL assay buffer consisting of 100mM Tris-HCl, pH 8.0, 10% glycerol, incubating at 30°C 
overnight. Control assay is exactly the same except no enzyme is added. The mixture was 
then extracted with hexanes for three times. Hexanes were combined, dried and resuspended 
in 80 µl hexanes and analyzed by GC-MS. 
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Figures 
Figure 1. Hypothetical synthetic pathway of oryzalexin A-C 
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Figure 2. Rice diterpenoids gene cluster in chromosome 4 
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Figure 3. Sequence alignment of OsMAS, OsMASL1, OsMASL2 and comamonas 
testosteroni 3beta/17beta hydroxysteroid dehydrogenase (PDB code 1hxh). Coenzyme 
binding site in N-terminus region is indicated as TGxxxGxG, and the residue Asp48 of 
OsMAS indicating the preference NAD over NADP is marked. The active triad S-YxxxK in 
the middle of the protein is also indicated. 
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Figure 4. GC-MS analysis of in vitro assay of OsMAS, OsMASL1 and OsMASL2 with 
oryzalexin D. Peak 1: Compound I; peak 3: compound II; peak 4: compound III 
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Figure 5. GC-MS analysis of in vitro assay of OsMAS, OsMASL1, and OsMASL2 with 3-
hydroxyl-ent-sandaracopimaradiene, or 7-hydroxyl-ent-sandaracopimaradiene. 
A) 
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B) 
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Figure 6. Biosynthetic pathway for oryzalexin A, B, and C 
 
  
 98 
Figure 7. Phylogenetic tree of OsMAS, OsMASL1 and OsMSL2 and other known plant 
SDRs. The tree is constructed using CLUSTALW2 
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). Sequences and associated GenBank accession 
numbers are: OsMAS(AK103462), OsMASL1(AK240900), OsMASL2 (AK110700), 
Forsythia×intermedia secoisolariciresinol dehydrogenase(AAK38665), Artemisia annua 
alcohol dehydrogenase (ADK56099), Zea mays sex determination protein tasselseed-2 
(ACG37730), Zingiber zerumbet monoterpene dehydrogenase (AB480831), Arabidopsis 
thaliana xanthoxin dehydrogenase (NP_175644), Citrobacter braakii (S)-6b-hydroxycineole 
dehydrogenase (GQ849481), Rhodobacter sphaeroides galactitol dehydrogenase 
(ACM89305), Aedes aegypti farnesol dehydrogenase (GQ344797), Mentha×piperita 
menthol dehydrogenase (AAQ55960), Artemisia annua monoterpene dehydrogenase 
(GU167953), Digitalis lanata 3b-hydroxysteroid dehydrogenase (CAC936678), and Mentha 
× piperita (–)-isopiperitenol dehydrogenase (AAU20370). 
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Table 1. Conversion rate of OsMAS, OsMASL1, OsMASL2 reacting towards different 
substrate after overnight incubation. ND: not detected. Percentage is calculated by the 
amount of product divided by the amount of substrate and product. 
 3β-hydoxy-9β-pimaradiene-
19,6-β-olide 
C3β-syn-pimara-7, 
15-diene 
C11α-hydroxy-ent-
cassa-12, 15-diene 
OsMAS 90% 13% NA 
OsMASL1 88% 16% NA 
OsMASL2 89% 12% NA 
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Supplementary data 
Optimized synthetic OsMASL1 sequence 
atggcaggctcctcgcatgtttctgccgacgctcgtaaactggtgggtaaagtggcagtgatcaccggcggtgcgagcggtatcggc
gcatgcaccgctcgtctgtttgtgaaacacggcgcccgcgtggtagtggctgatattcaggatgaactgggtgcctcactggttgcgg
aactgggcccggacgcatcgtcttacgttcattgtgacgttaccaatgaaggtgacgtcgcggcagcggttgatcatgcggttgctacc
tttgggaaactggacgtcatgtttaataatgcgggggttactgggccgccgtgcttccgcattacggaaagtactaaagaagatttcgag
cgcgtgctggctgtcaacctgattggcccgtttctgggcaccaaacatgcggcccgcgtgatggcacctgcccgccgtggcagcatc
atcagcacagcgagcctgagtagttcagttagcggcactgctagtcatgcctacaccacaagtaaacgcgcactggtgggtttcaccg
aaaacgctgcgggcgagctgggtcgtcacggcatccgtgttaactgtgtgagcccggctgcggtagctactccactggcacgcgcg
gcgatgggcatggacatggatgatgaaaccattgaagcgattatggagaaaagtgccaacctgaaaggtgttggtctgaaagtggat
gacatcgcagcggcggcactgtttctggcaagtgatgatggtcgttatgtgtcaggacagaacctgcgcgttgatgggggcgtttctgt
cgtgaacagcagctttggcttcttccgtgattaa 
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Chapter VI: Mutagenesis study in substrate recognition site changes 
substrate specificity 
Abstract 
Cytochromes P450 (CYP) are monooxygenases that catalyze various oxidation 
reactions in nature. CYP exhibit diverse regio- and stereo-specificity towards different 
substrates. This is largely determined by SRS (substrate recognition site). We have 
previously identified several CYPs involved in the biosynthesis of labdane-related 
diterpenoids (LRD) from rice. The characterized CYPs within the same subfamily share 
more than 55% identity in amino acids level, but exhibit different substrate specificity. Here, 
we used phylogenetically directed mutagenesis to study the relationship between amino acid 
sequence and substrate specificity of CYPs. We identified a residue in SRS4 of CYP76M 
subfamily affecting plasticity of the enzyme. We also showed that a single residue switch in 
SRS4 of CYP701A3 could alter its regiospecificity. Accordingly, our study indicates that 
phylogenetically directed mutagenesis in SRS region is feasible and effective to identify 
critical residues in controlling substrates specificity and products outcome. 
 
Introduction 
In the past 10 years, combinatorial modular synthesis biology has been developing 
dramatically to use natural enzymes to biosynthesize otherwise hard to access compounds. 
Therefore it has been of ever-increasing interest to functionally characterize natural 
biosynthetic enzymes from plants and microorganisms. Plant CYP are intensively studied 
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because they are involved in biosynthesis of nearly all families of natural products. Of 
particular interest in this study is how substrate, regio- and stereo- specificity are achieved in 
such enzymes. 
The catalytic center of all the CYPs contains a heme iron. The ferric ion locates in the 
middle of heme is hexacoordination, four of which are equatorial from nitrogen of 
protoporphyrin, with the fifth on the proximal face from cysteine residue and the sixth being 
water as the exchangeable distal ligand (1 in Figure 1). The general reaction cycle of CYP 
can be rationalized to the formation of FeO3+ (compound I) and substrate oxidation (Figure 1). 
Briefly, first a substrate molecule displaces the sixth water ligand and induces the vacant 
coordination site (2 in Figure 1), which enables the first electron transfer (3 in Figure 1) and 
O2 binding (4a in Figure 1). Then the second electron (6a in Figure 1) and a proton (6b in 
Figure 1) are sequentially transferred, followed by cleavage of O-O bond of heme iron-bond 
peroxide (7 in Figure 1). The most important intermediate FeO3+, or compound I, is formed 
by this O-O cleavage step. Compound I is strong oxidant and will attack any nearby 
molecules (1). Notably, substrate is sitting in the active site as intact molecule until the 
formation of compound I. It has been suggested that substrate specificity is largely decided 
by SRS of which SRS1&4-6 are of special importance (2).  
We have previously characterized a number of CYPs involved in rice labdane-related 
diterpenoid (LRD) production (3-7). Many of those CYPs share high identity yet exhibit 
distinct substrate and regio-specificity (see Table 1 of chapter IV). Here we investigated the 
structure-function relationship of CYPs that are involved in rice LRD biosynthesis. We 
analyzed the plasticity of the CYPs using phylogenetically directed mutagenesis in SRS 
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regions. Fast screen of mutants were facilitated by our modular metabolic engineering system. 
Results from mutagenesis analysis of CYP71Z6 &7, CYP76M6, and CYP701A3, and 8 
provided interesting insight in the control of products outcome.  
 
Results 
Mutagenesis analysis of CYP71Z6 and CYP71Z7 
 CYP71Z6 and CYP71Z7 are both located in chromosome 2 diterpenoids gene cluster. 
They share 91% identity in amino acids level. CYP71Z6 can hydroxylate ent-isokaurene at 
C2 position whereas CYP71Z7 catalyze C2 hydroxylation of ent-cassadiene. Moreover, other 
CYP71 subfamily members from rice including CYP71Z1-5 and 8 do not have any observed 
activity against rice diterpene substrates. Residues that might determine substrate specificity 
were identified by sequence alignment for CYP71Z subfamily members (Figure 2). We 
investigated the activity of 8 selected mutants by metabolic engineering system (Table 1). All 
the 8 mutants showed lower activity towards previous substrates and no other activity has 
been observed toward other substrates.  
Mutagenesis analysis of CYP76M subfamily 
We have characterized many CYP76M subfamily members involved in either initial 
or later oxidation steps of rice LRD production (4) (Chapter IV). They share catalytic 
redundancy as well as specificity. A summary of substrate specificity of CYP76M family is 
illustrated in Table 1 of Chapter IV. The following six mutants were for CYP76M7: 
CYP76M7: V298A, V298G, V301A, V301G, L368V, and E295D (Figure 3A). Their activity 
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of the six mutants in conversion rate was showed in Figure 3B. Valine301 seemed to be 
critical for CYP76M7 as V301A eliminate the enzyme’s activity for the known substrate, 
ent-cassadiene, whereas V301G increased CYP7M7’s activity towards ent-cassadiene and 
also other substrates.  
We also made following mutants for CYP76M6: L299M, D302E, A308V, and S372P. 
The activity of the mutants towards different substrates is shown in Figure 3C. L299M 
maintained CYP76M6’s original activity. Both D302E and S372P abolished the activity of 
CYP76M6. Interestingly, A308V, which is mutated at the same position as V301 of 
CYP76M7, changes substrate specificity: the hydroxylation activity towards ent-kaurene and 
ent-pimaradiene were eliminated, whereas a new hydroxylation activity appears towards syn-
pimaradiene.  
Mutagenesis analysis of CYP701A subfamily 
 Many members of CYP701A subfamily function as kaurene oxidase (KO) and are 
involved in biosynthesis of gibberellic acid in different organisms. CYP701A3 is KO from 
Arabidopsis and CYP701A6 is KO from rice. While CYP701A3 &6 converts ent-kaurene en 
route kauren-19-ol, kauren-19-al to ent-kauren-19-oic acid, another CYP701A subfamily 
member, CYP701A8 from rice catalyzes C3α hydroxylation of ent-kaurene. A phylogenetic 
tree was constructed for all known CYP701A subfamily members (Figure 4). Interestingly, 
there is a conserved Glu (Figure 4, highlighted) within SRS 4 in all KO CYP701A subfamily 
members, whereas there is an Ala in the same position for both CYP701A8 and CYP701A9, 
which are not KO and their expression is elicitor inducible. We then constructed two mutants 
for CYP701A3: E316A, E316Q. As a result, a new product C3α-hydroxy-ent-kaurene was 
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found in CYP701A3:E316A products (Figure 5). Both CYP701A3:E316A and E316Q 
produced decent amount of kauren-19-ol and kauren-19-al, indicating that both mutants had 
decreased activity. In contrast, CYP701A8:A317E mutant eliminated the activity of 
CYP701A8 entirely (data not shown). 
 
Discussion 
That how the amino acid sequence of a protein decides its structure and function is 
still a mystery. Protein crystallography allows direct investigation of the 3D structure of a 
protein, but was limited by the solubility of the protein which affects the quality of protein 
crystals. The study of structure-function relationship by crystallography for CYPs was 
largely limited due to their low solubility, and therefore the process of substrate docking and 
products formation for CYPs at structural level remained unclear. Moreover, homology 
based modeling is also not applicable due to the low identity among CYPs. For example, the 
most closely related homolog with known crystal structure of CYP76M6 is CYP17A1 from 
human, but they only share 24% identity at amino acids level. In this study, we showed 
phylogenetically directed mutagenesis is an efficient way to map critical residues. For 
instance, as shown in Table 2, CYP76M7:V301G enables the enzyme to react with ent-
kaurene and ent-pimaradiene in addition to its natural substrate ent-cassadiene. At the same 
position of CYP76M6, substitution of a valine for an alanine also causes dramatically 
changes its catalysis specificity: previous ent-kaurene and ent-pimaradiene are not accepted 
as substrate anymore, but syn-pimaradiene can be hydroxylated instead.  
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We also investigated regiospecificity of CYP. CYP701A3:E316A produces a C3α-
hydroxy-ent-kaurene along with kauren-19-oic acid. Glutamic acid can also be found at the 
same site in some CYP4 family members (Figure 4). Many members in this family trigger ω 
hydroxylation of fatty acids, which is energetically unfavorable compared with ω-1 
hydroxylation. One mechanism of the ω hydroxylation was proposed to be achieved by the 
fact that this specific glutamic acid can covalently bind to heme iron via an ester bond (8). 
The covalently linked heme iron might rigidify the active site and provide some structure 
constrain to readily present ω-carbon for oxidation. Likewise, C19 of kaurene is a methyl 
group and C3 is a methylene group in ring structure (Figure 6). Both protons are close to 
each other and point to the same side of molecule. Energetically, C3α is easier to be 
hydroxylated than C19. Similar to CYP4 family member, wild type CYP701A3 hydroxylates 
C19, which is energetically unfavorable compared with C3. This might also be achieved by 
the covalently binding heme. To test this hypothesis, we will investigate whether 
recombinant expressed CYP701A3 from E.coli has a covalently linked heme. We will also 
explore other CYP701A subfamily members’ regiospecificity by mutagenesis.  
In summary, phylogenetcially directed mutagenesis is an effective way to explore 
critical residues of CYP. CYP76M7:V301, and CYP76: A308 seem to be essential in the 
determination of enzyme plasticity and the glutamic acid in SRS4 of CYP701A3 determined 
the regiospecificity. More knowledge about residues variation in SRS of CYP will be 
accumulated by the exploration of more mutants.  
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Material and methods 
General 
Unless otherwise noted, all chemicals were purchased from fisher (Loughborough, 
Leicestershire, UK), and molecular biology reagents from Invitrogen (Carlsbad, CA, USA). 
Gas chromatography (GC) with a Varian (Palo Alto, CA) 3900 GC with Saturn 2100 ion trap 
mass spectrometer (MS) in electron ionization (70 eV) mode was carried out as previously 
described (7).  
Site-directed mutagenesis and analysis 
 All the mutants were constructed via PCR amplification of corresponding pENTR-
CYP plasmid (4, 6, 7). Briefly, two complementary primers containing mutated site were 
used for PCR using pENTR-CYP as template. The PCR products were digested by DpnI 
(New England Biolab, MA) for 5 hours followed by heating at 90°C for 20 min to deactivate 
DpnI. 5 µl of resulting products were transformed to E.coli TOP10 strain. Plasmids from 
resulting colonies were extracted and mutated site were verified by sequencing. 
Corresponding CYPmutated were transferred to pCDFDuest Dest/OsCPR1 plasmid by LR 
recombination, much as previous described (7). The mutants were analyzed via metabolic 
engineering system, as previous described (7).  
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Figures 
Figure 1. Cytochrome P450’s catalytic cycle. This figure is taken and modified from (1) 
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Figure 2. The alignment of CYP71Z subfamily, SRS4 &5 are highlighted with yellow 
background, mutated site is represents as red color 
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Figure 3. Mutagenesis analysis of 76M6 subfamily. A) Alignment of CYP76M subfamily 
members, SRS4 &5 are highlighted with yellow background, mutated site is represents as red 
color. B) Conversion rate of mutants of CYP76M7. C) Conversion rate of mutants of 
CYP76M6. Conversion rate is calculated by the amount of products divided by the sum of 
the amount of substrate and products. 
A) 
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Figure 4. The alignment of known CYP701A8 subfamily and CYP701A9 
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Figure 5. GC-chromatogram of CYP701A3 and its mutants. Peak 1: Methylated kauren-19-
oic acid, peak 2: kauren-19-al, peak 3: kauren-19-ol, peak 4: kauren-3-ol 
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Figure 6. Configuration of kaurene, C3, C4, and C19 are indicated 
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Table 1. Mutants’ lists in this study 
CYP71Z6 IS311FT A314G P319S P376S   
CYP71Z7 FT310IS A313G P318S S375P   
CYP76M7 V298A V298G V301A V301G L368V E295D 
CYP76M6 L299M D302E A308V S372P   
CYP701A8 A316E      
CYP701A3 E316A E316Q     
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Tabel 2. Mutagenesis analysis of highlighted position for CYP76M6 &7 
 ent-kaurene ent-
pimaradiene 
ent-cassadiene syn-
pimaradiene 
CYP76M7 - - ++ - 
CYP76M7 
V301G 
+ + ++ - 
CYP76M6 ++ ++ - - 
CYP76M6 
A308V 
- - - + 
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Chapter VII: Conclusion and future direction 
Characterization of cytochromes P450 involved in rice labdane-related diterpenoids 
(LRD) production  
The biosynthetic pathways of rice LRD, especially the biosynthesis of diterpene 
backbones, have been largely elucidated during the past ten years. We have previously 
characterized two LRD biosynthesis gene clusters from rice (1-3). Some CYPs within these 
two gene clusters also have biochemically characterized. In Chapter III, we explored the 
activity of two unknown CYP. CYP71Z6 and CYP71Z7 are located in chromosome 2 LRD 
biosynthetic gene cluster with 91% amino acids identity (4). We found that CYP71Z6 
catalyzes C2 hydroxylation of ent-isokaurene that is the precursor of oryzalides. C2 in 
oryzalides is replaced by the ester linkage of the eponymous-olide moiety. This most likely 
proceeds via hydroxylation of C2 in ent-isokaurene first. Furthermore, CYP71Z6 and ent-
isokaurene synthase OsKSL6 are coregulated. All the above findings indicate that the C2 
hydroxylation activity of CYP71Z6 reflects its potential role in mediating such an early step 
in biosynthesis of oryzalides. CYP71Z7 catalyzes C2 hydroxylation of ent-cassa-12, 15-diene 
which is involved in biosynthesis of phytocassenes with poorly recognized activity (KM=200 
µM). All the phytocassanes share C3 and C11 oxy moiety, and C2 moiety only existed in 
phytocassane A, B and D. It is hence suggested that C3 and C11 oxy moiety should produced 
first, and CYP71Z7 acts in the later steps of biosynthesis of phytocassanes.  
Oryzalexins are relatively simple LRD from rice. They only have two oxy moieties from 
carbon backbone ent-sandaracopimaradiene. We have previously identified several CYPs 
that can hydroxylate ent-sandaracopimaradiene (1, 5). C3α-hydroxy-ent-
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sandaracopimaradiene, which is produced by CYP701A8, is proposed to be an important 
intermediate and could be found in plants. It only needs one more step to biosynthesis 
oryzalexin D (C3α, C7β-dihydroxy-ent-sandaracopimaradiene) and E (C3α, C9-dihydroxy-
ent-sandaracopimaradiene). In Chapter IV, we optimized our metabolic engineering system 
to enable dual expression of CYPs and successfully identified CYP76M6 and CYP76M8 as 
oryzalexin E and D synthases respectively (Figure 1). One interesting finding was that 
CYP76M6 triggers C7 hydroxylation of ent-sandaracopimaradiene whereas CYP76M6 
triggers C9 hydroxylation of C3α-hydroxy-ent-sandaracopimaradiene. It informed us that 
sequential reaction is not a simple additive effect of two separate enzymes. Adding one 
hydroxyl group in substrate can alter the enzyme’ regiospecificity.  
 
Characterization of short-chain dehydrogenase/reductase (SDR) involved in rice 
labdane-related diterpenoids (LRD) production  
 SDR is commonly found in terpenoids metabolism. Oryzalexin A, B, and C are keto 
derivatives of oryzalexin D. In Chapter V, we characterized three SDRs participating in 
biosynthesis of oryzalexin A, B, and C. Two of them, OsMAS and OsMASL1 are from 
momilactone gene cluster in chromosome 4. They are able to catalyze oryzalexin D to 
produce oryzalexin B. Another closely related SDR, OsMASL2 catalyzes both C3 and C7 
hydroxy oxidation of oryzaleixn D to produce oryzalexin A, B, and C (Figure 1). Similar to 
other SDRs involved in terpene metabolism(6), they also showed substrate promiscuity. 
OsMAS and OsMASL1 & 2 can catalyze C3-hydroxy oxidization of 3-hydroxy-ent-
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sandaracopimaradiene, 3-hydroxy-ent-cassadiene, 3-hydroxy-syn-pimaradiene, and 
momilactone A precursor 3β-hydoxy-9β-pimaradiene-19,6-βolide. 
 
Mutagenesis analysis of functional characterized CYPs 
 Our mutagenesis analysis in SRS (substrate recognition site) region reveals several 
critical residues. CYP76M7:V301, and CYP76:A308 are essential in determining substrates 
specificity. CYP701A3:E316 controls its regiospecificity.  
 
Future directions 
We have established the whole oryzalexins pathway except for oryzalexin F (C3α, C19-
dihydroxy-ent-sandaracopimaradiene) (Figure 1). Notably, C19 hydroxyl can be produced by 
CYP701A3 from Arabidopsis. Although there was no sandaracopimaradiendiol formation 
when we coexpressed CYP701A3 and C3 hydroxylase, CYP701A8, it is possible that one of 
the homologs of CYP701A3 from rice can catalyze such reaction. We are going to identify 
this C19 hydroxylase by screening more CYPs. 
For momilactones, the coexpression of CYP99A3 and CYP701A8 could produce a 
hydroxy-syn-pimaradienoic acid (data not shown). Notably, CYP99A3 alone can oxidize syn-
pimaradiene sequentially to syn-pimaradien-19-ol, syn-pimaradien-19-al, and syn-
pimaradien-19-oic acid (4) (Figure 2). And I also recently characterized that CYP701A8 
triggers C3β hydroxylation of syn-pimaradiene (Figure 2). Both of them can be found in 
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planta and supposedly are the precursor of momilactones (Figure 2). We suspected this 
hydroxy-syn-pimaradienoic acid is compound I shown in Figure 3, which could be the 
precursor for momilctone A and B. We are going to isolate this compound and determine its 
structure by NMR analysis. Furthermore, we previously identified CYP76M8 can trigger 
C6β hydroxylation of syn-pimaradiene. It has been reported that hydroxy-sesquiterpenoic 
acid can form the lactone ring spontaneously (8). Similarly, C6 hydroxylated compound I 
could form lactone ring spontaneously to produce the precursor of momilactone A. Also, the 
momilactone B could be produced via a C20 hydroxylated momilactone A. Then the 
hydroxyl group nucleophilically attacks the C3 ketone group to form the hemiketal. We are 
going to continue search for remaining CYPs involved in momilactone biosynthesis pathway.  
Phytocassanes are multi-oxy-ent-cassadiene. We have already identified several CYPs 
that are able to catalyze C2, C3, and C11 hydroxylation of ent-cassadiene (1, 4, 5) (Figure 3). 
However, the coexpression of corresponding CYPs did not produce any double oxy ent-
cassadiene. We noticed that C3-hydroxyl and C11-ketone are common functional groups in 
all phytocassanes. It is possible that a SDR function in early step to produce C11-keto moiety 
(4), and this is the precursor for C3 hydroxylation. Then this C3α-hydroxy-C11-keto-ent-
cassadiene intermediate could be further transformed to phytocassanes by CYP and SDR as 
indicated in Figure 4. OsMAS, OsMASL1, and OsMASL2 are able to catalyze C3-hydroxy 
but not C7-hydroxy oxidation of cassadiene. We are going to explore the C11-hydroxy 
dehydrogenase, and C1 hydroxylase to establish the phytocassanes pathway. 
Ultimately, we would like to verify those enzymes’ activity in planta. Some CYP 
showed catalytic redundancy, e.g. both CYP76M8 and CYP76M7 catalyze C11 
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hydroxylation of ent-cassadiene. Are they also function redundantly in planta? It can be 
answered by comparing metabolic profiling of mutant plants. Moreover, for some of the 
diterpenes, we have not yet found their biochemical fate, e.g. ent-pimiaradiene. This puzzle 
could also be explored by comparing metabolic profiling of mutant plants and wild type 
plants. More interestingly, by analyzing phenotypes of mutant plants in which corresponding 
synthetic enzymes are not available, we can evaluate physiological function of different 
LRDs.  
Also, we will further explore sequence-function relationships by mutagenesis analysis. 
For CYP76M7:V301, and CYP76M6: A308, we will introduce other mutations, e.g. 
CYP76M6: A308G. We also want to explore how regiospecificity between diterpene olefin 
substrate and hydroxylated diterpenoid substrate is achieved by CYP76M6. Moreover, many 
CYP outside the gene cluster has no activity yet they share high identity, e.g. CYP76M14. 
There is a single residue deletion in SRS5 comparing with other members in this subfamily, 
we also want to explore whether this can be a potential site. 
In summary, we biochemically characterized several CYPs and SDRs involved in 
biosynthesis of rice LRD. CYP71Z6 and CYP71Z7 are characterized as C2 hydroxylase 
towards ent-isokaurene and ent-cassadiene respectively. We established the biosynthetic 
pathway of oryzalexins. Our finding in this dissertation not only makes progress in rice LRD 
biosynthesis field itself, but also provides many interesting biocatalysts, which could be 
useful in modular synthetic biology in the future. We will continue to characterize enzymes 
involved in rice LRD biosynthesis and eventually elucidate the rice LRD biosynthetic 
network. 
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Figures 
Figure 1. Biosynthetic pathway of oryzalexins, solid arrows indicate known reactions, and 
dash arrow indicates unknown reaction  
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Figure 2. Biosynthetic pathway of momilactones A and B, solid arrows indicate known 
reactions, and dash arrows indicate unknown reactions. 
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Figure 3. Biosynthetic pathway of phytocassanes, solid arrows indicate known reactions, and 
dash arrows indicate unknown reactions.  
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Table 1 Putative CYPs involved in rice diterpenoid phytoalexins synthesis 
CYP71W1 CYP71M2 CYP76Q1 
CYP71W3 CYP71M5 CYP76Q2 
CYP71W4 CYP76M6 CYP94E1 
CYP71Z1 CYP76M7 CYP94E2 
CYP71Z2 CYP76M8 CYP94E3 
CYP71Z3 CYP76M9 CYP99A2 
CYP71Z4 CYP76M10 CYP99A3 
CYP71Z5 CYP76M13 CYP701A8 
CYP71Z6 CYP76M14 CYP701A9 
CYP71Z7   
CYP71Z8   
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